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Abstract

Primarily the focus of this project was to investigate hair bleaching and dyeing
mechanisms in the presence of ammoniar ethanolamine (MEA), at room
temperature. Frstly, the mechanism of hair bleaching by alkaline hydrogen
peroxide was explored, usingomogeneous solutions dbepiamelanin free acid
(MFA) as a model for hair melanin. Wig spectroscopy was applied to study the
rate of melanin bleaching under various conditions. It was established that both

hydroxyl radicals and perhydroxyl anions are involved in the bleachinglahime

Hydrogen peroxide decomposition an&epia melanin oxidation were then
monitored using homogenous model bleaching solutions, to see if differences in
hair bleaching when MEA is used instead of ammonia could be explained by a
change in chemistry. Disgilarities were found in liganfree and etidronic acid
(HEDP) systems when the base was altered, due to the presence of differing metal
complexes. However, when strong chelating ligands such as
ethylenediaminetetraacetic acid (EDTA) are used, no difteerwere apparent in

homogenous model bleaching systems.

The mechanism of dye formation inside hair fibres was then investigated, due to the
observation that catalase accelerates the oxidation of dye primaries in agueous
solutions. Dye formation was stwl by UWis spectroscopy. It was shown that
metal ion centres are predominantly responsible for the formation of dyes in the
hair cortex. Fe(lll) proved to be a more effective catalyst for dye production than
Cu(ll).

Finally, the effect of MEA on the rate of hair dye formation in aqueous systems was
studied, using HPLC and Jig spectroscopy. The rate of colour formation in MEA
based formulations was found to be greater than in ammonia systems, possibly due
to slower degradation of the dyes in MEA systems. It was also found that
nucleophilic attack of MEA on preformed dye molecules leads to the formation of
different dyes, which imrporate the base into their structure. The formation of

these dyes greatly changes the colour of model agueous dye solutions.
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Chapter 1 z Introduction

1.1 A brief history of hair colouring

Humans are perhaps the vainest of all the mammals. For over 4000 years various
techniques have been employed to alter the natural colour of human hair fibres.
There is nowevidence to suggest that hair colouring started with the ancient
Egyptians, who went as far as using nanotechnology to cover up their grey hairs.
This is the first documented use of hair dyd it involves the uptake of black PdS
nanoparticles by hair, hich masks the natural colour Since then different
methods have been used to alter the colour of hair fibres, including the use of

organic dyes from henna, marigolds and hibiscus.

In approximately 1860t was discovered that hydrogen peroxide could be used to
lighten the natural colour of hair in a bleaching process. This started a prolonged
period of hair loss and scalp burns, but also led to the development of permanent
hair dyes in the early 28 century, which use phenylenediamine and hydrogen

peroxidé.

From the time that these colouring systems containing hydrogen peroxide were
introduced and marketed, there has been a host of research dedicated to their

improvement. This thesis contributes to this easch.

1.1.1 Modern hair colouring

Today millions of people worldwide use hair colouring products, which can be

separated into 2 miar categories, besides bleaching.
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1. Semipermanent dyes

Semipermanent dyes, as the name suggests, alter the colour of the hair fibre but
thesedyes can be eventually washed off the hair fibre. The hair will at this point
return to its natural colour as the treatment does not chemically alter the natural
shadeof the hair fibre. Generallgemporary colouring of haiis achieved by the use

of pre-formed dyesbased onaromatic nitro compounds that are relatively low in
molecular weight, compared to those formed in permanent dye systerAs
example of the structure thathese sentpermanent dyes are based on is shown in
Figurel. The R groups are changed between hydrogen atoms, alkyl groups and
hydroxyethyl groups toachieve a range of colours across the entire visible

spectrunt“.

R =H, alkyl or hydroxyalkyl

Figurel: The general structure of some sepeirmanent hair dye's”.

2. Permanent dyes

In contrast to emi-permanent dyes, permanent dyes involve the formation of dye
molecules within the hair fibre, where they are trapped and prevented from being
washed out. As mentioned earlier they are based on systemsubaprecursors,

such asp-phenylenediamine and hydrogen peroxide to generate dye molecules
that have a elatively high molecular weight, when compared with the semi
permanent dyes. Some examples of the structures of the dyes produced during this

treatment are shown inFigure 94 and Figure 103. Again, by varying functional
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groups on the precursors, a range of colours acrosstitere visible spectrum can

be produced.

This work focuses on systems that make use of hydrogen peroxide to alter hair
colour permanentlyeither through bleachingind/or permanent oxidative dyeing.
The chemistry of these processes will be discussed ire rdetail later. Before the
chemistry behind hair colouring can lbéscussedit is important to appreciate the
structure and function of hair fibres and also to understand what is responsible for

the natural colourof such fibres

1.2 Human Hair

1.2.1 The function of human hair

The two major functions of hair in noshuman primates are camouflage and
thermoregulation. Undoubtedly, these are important factors for the survival of
primates in the wild. However, for humans, changssdection pressures over time
has generally led to a decrease in hair cover, due to the change in the structure of
hairs. Generally, less of a change has been observed for human head hair. It
thought that thisis due to the role scalp hair plays in ttreermoregulation of the
brain. Human hair can also serve many other purposes including, protecting the
body from harmful UV rays, helping with touch and sense and excreting toxic

substancessuch as arsenic.

1.2.2 The structure of human hair

The structure of a human head hair fibre is shownFigure2. The sheath that
surrounds the whole hair structure forms part of the hair follicle. This is where hair

cells are originally made and then die as they are pushed upwards by newly formed

4
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hair cells, to form the hair shaft. The outer layer of the hair shaft is formally

considered to be the cuticle.

Cortex _ Medulla
Hair cuticle % Sy

1
Cuticle of inner 3
root sheath

e

Inner root _|

Huxley's layer —f- s
sheath Y 4 [ B

- Henle’s layer iy
Outer root —/
sheath / )
Yy
Ve
Connective /[ 4

tissue layer Ir /’ 4
/

Yo
Keratinization - \ I
zone \

\l 9 :.‘,' 1'
Melanocytes 5 7 ,
Dividing cells ,,»

Cavity of dermal papilla

Figure2: Crosssection of a human hair fibfe

The cells in the cutiel layer are flat, square sheets that overlap each other
extensively, as shown fRigure3. This arrangement dhesecells protects the hair
from mechanical stress and ensures that as the hair fibre groavs dirt and old
cells are removeld In addition to this, the hydrophobic molecule -18
methyleicosanoic acid is bound to surface proteins of the ctidlkis is thought to
provide a water repellent layer that assists wite drying of the hair fibr& In

short, this layer is essentially designed to protect the inner layers of the hair shatft.
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Figure3: SEMmage of a human hair fibfe

The cuticle cells are fily attached to the cortex.his layer is made up of elongated
cells that are orientated along the fibréo provide further mechanical strengthit

is here where melanin granules can be found within the hair Shalftis thought
that melanin produced by the melanocytes in the hair follicle is ingested into
cortical cells by phagocyto$ts|t is the melanin pigment in the hair cortex that is
responsible for the natural colour of hair fib/és>. The function of the final part of

the hair shaft, the medulla, is currently unknown.

1.3 Melanin Pigments

As mentioned above, it is the pigment raein that is responsible for the natural
shade of human hair. Melanin predominantly exists in two forms in human hair,
eumelanin is brownish black and pheomelanin is reddish yéfldw The exact
colour of hair fibres depends on the exact ratios of these melanins within the hair

fibre.
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1.3.1 Melanogenesis

As mentioned earlier, melanin is made in timelanocytes before it is transferred to

the hair cortex. The biosynthesis of melanin is referred to as melanogenesis.

The primary building block of both pheomelanin and eumelanin is the amino acid
tyrosine. Inside the melanosome, the enzyme tyrosinase exdswthe tyrosine to
dopaquinone, through dopa. At this stage the incorporation of cysteine into the
biosynthetic pathway can lead to the formation of pheomelanin. However, if
cysteine is not includedhe dopaquinor is cyclised to form cyclodop€yclodpa

can also be converted to dopachrome, with the simultaneous transformation of
dopaquinone to dopaFinally,the tautomerisation of dopachrome by dopachrome
tautomeraseleads to the formation of DHB(6-dihydroxyindol¢ and DHICAS5(6-
dihydroxyindole2-carboxylic acijl Eumelanin is a complex mixture of oligomers, of
varying chain length and branching, which are comprised of cyclodopa,

dopachrome, DHI and DHICHhis synthetic pathway is outlined figure4*® *’.
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Figure4: Scheme to show the biosynthesigofnelaninand pheomelanit!

When cysteine is incorporated intbe melanogenesis, this leads to the prodiact

of pheomelanin by melanocytes This occurs because of a mutation of the

melanocortin 1 recepto(MC1R geng which is responsible fahe variation of skin

and hair colour in human® The biosynthetic pathway for the production of

pheomelanin is outlined irFigure 5. As is shown, cysteine reacts rapidly with

dopaquinone to form 55cysteinyldopa predominantly with a small amount e&2

cysteinyldopa being formed These cysteinyldopas are then oxidised by

dopaquinone to form cysteinylquinones and dopa. The cysteinyton@és are then

cyclised to form benzothiazine intermediates, which are further oxidised to make

up pheomelaniry.
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Figure 5. The biosynthetic gthway for the production of pheomelanin from

@]

dopaquinone

These biosynthetic pathways result in the monomers that make up eumelanin and
pheomelaninoligomeiic chains. The main monomers associated with each melanin
are shown irFigure6 and Figure7, whilst the tentative structures of eumelanin and
pheomelaninoligomers are represented ifrigure8. However, in realitymelanin
oligomers that are produced are a complex mixture of pheomelanin and eumelanin

units'®. This results in a wide variation of human hair colours.
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o<, Joy O
HO N CH HO N (0] N
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Figure6: The main monomer building blocks of eumel&hti
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HO OH
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) N
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OH HO NH;

Figure7: The benzothiazine monomer units thae the basis of the formation of

pheomelanirligomers®*°,

NH,
N H
HOOC ~ (COOH)
OH
H (COOH) H,oN
COOH
Eumelanin Pheomelanin

Figure8: The tentative structures of ¢heumelanin and pheomelanin oligers®.
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1.3.2 Structural studies of eumelanin from both human hair and cuttlefish
ink

The tentative structure of eumehin is shown irFigure8. It is worth noting that
linkages betweenmonomeric units may also bpresent between the2 and 3
positions of the indole ring, if carboxylate grauare not presenin these positions
This leads to complex mixtures ndomly organisealigomeric chains, coupled
with the fact that these are relatively insoluble in practically all solvents, the

structures are very difficult to ascert&fh

Various studies have been attempted, with the intention of clarifying the structure
of eumelanin in more detail. For several years the oxidative degradation of melanin
was studied using various methods, including acidic permanganate oxidation and
alkaline hydrogen peroxide oxidatioff>. Using these methods the degradation
products can be separated and quantified using HPLC. Under these conditions
eumelanin breaks down to form pyrrolic acidsPyrrole2,3,5tricarboxylic acid
(PTCA) and pyrroi2,3-dicarboxylic acid (PDCA) can be used as specific markers for
the deection of dihydroxyindole carboxylic acid (DHICA) and dihydroxyindole (DHI)
monomeric units Figure6) of eumelanin respectively®. Although these methods
serve to give an indication of the quantitiescatypes of units present, they dwot

give any indication as to how they are linked together.

NMR is generally a poweif tool for determining the structure of complex
molecules.However, he low solubility and irregulaarrangementof oligomeric
chains leads to broad lines the NMR spectraf melaning®. Nevertheless, arious
types of NMRexperimentshave been employed in order to gain more insight into
how the monomeric units of melanin are bound together, including sxtide
crosspolarization magic angle spinning (foit and®N NMRj’, water suppression
experiments for 2S homouclear decoupledH NMR experiment§ as well as 2D
INEPT solid statéH-1*C) NME.

The studies yield spectra that are still rather broad, however some useful

information has been determined from the data acquired, including the amount of

11
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protons per structural unit and estiations of unit molecular weight. Attempts have
also been made to determine the relati@Hl and DHICA content of melanins, as
well asthe prefered positions of substituents on the indole ring. The linkages
between DHI units are still unresolved even with these reswiswever, it is
proposed that DHICA unitare mainlyaligned in a linear manner, due to the
carboxylate substituent on the 2 posih of the indole ring whichprevents linkages

at this position(Figure9)®. If DHICA units are adjacent to each other in the melanin
oligomer then this could be the preferred linkage of the monomers. However, the
presence of DHI units in melanin will disrupt the sequence of DHICA units

connected together.

Figure9: The proposed alignment of DHICA units of eumelanin from NMR $tudies

Linkages between DHI units have been visualised uSihlyl and molecular
modelling. The structuren Figure10 was determined to be viable faynthetic,
tyrosinasebased melanin (DHI units onlY) The presence of DHICA units would
interrupt this arrangement of DHI monomers. Howevére tstudy showed that DHI

can form linkages between the 2,3,4 and 7 positions of the indole ring.

12
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FigurelO: The proposed structure for tyrosindsased melanin

Unfortunately, te structures shown in Figure 9 and Figure 10 cannot exist
exclusiely for biosynthesised eumelanin, ascbntairs mixtures of DHICA and DHI
units. Therefore, the tentative structure ifigure8 is currently the mostccepted

picture of the possible linkages between monomers.

In addition to providing the natural pigmentation of hair, melanin also plays a vital
role in mammalian skin. Again it provides the pigment, but eumelanin can also act
as a powerful antioxidanniorder to protect cells from damage Ilogactive oxygn
speciesRO$ such as hydroxyl radicals and superoxide anions, formed on exposure
to UV radiation’. The reaction of melanin with the superoxide anion is outlined on
page 60. By contrast, pheomelanin has been the subject of multiple studies that
suggest it behaves as a prooxidant, leading to cell damage in the skin that results in
sun burn and melanoni43. The antioxidant activity of eumelanin means it is also
suited to a protective role in the retai’. Additionally, structurally similar
neuromelanin is present in the human brain, the biological role of which is nigt ful
understood®*® | 26 SOSNE | fAYy] KLFL& 0SSy &Kz2éy
lower neuromelanin levels, demonstrating the potential importance of

neuromelanin in the prevention of cell dedth

13
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1.4 The chemistry of hair ¢ olouring

By studying the structure of hair and how natural colour arises, the process of hair
colouring can be understood in greater detail. This thesis focusep@manent

hair colour changes, including bleaching and oxidative dyeing.

1.4.1 Hair Bleaching

As mentioned earlier, hydrogen peroxide has been used to lighten the natural shade
of hair for almost 150 years. In order for this chemicaiducedhair bleaching to
occur it is necessary to break down the melanin granules in the hair cdréate
responsible for the natural colour of the h#ir This poses a significant challenge

when the structure of hair fibres is considered.

Firstly, the cuticle is protected by the hydrophobi&yer consisting of lipids,
including 18methyleicosanoic acid. This may help to prevent the diffusion of
oxidants within aqueous dye baths into the hair cortex. Additionally, the structure
of the cuticle itself forms a barrier, whichlso helps prevent e diffusion of
substances into the hair cortxlIt is therefore important to dis@s howthe
diffusion of aqueous solutions ohydrogen peroxide into the hair cortex can be

facilitated.

On immersion in water, hair fibres are known to swell. This istdube disruption

of hydrogen bonds witim proteins inside the haff. However, Wolfram has shown a
relationship exists between the pH and the extent of swelling that oétuthis
could be rationalised by the deprotonation of protein sicleains at high pH,
leading to a buileup of negative charges that repel each other. Additionally, the
cleavge of disulphide bonds may contribute to the expansion of fitfre.
Swelling of hair fibres facilitates the diffusion of hydrogen p&texhrough the
cuticle layers. Therefore, ammonia can be used to adsfsision, as it will result in

an alkaline pH that leads significanthair swelling® **. A combination of ammonia

14
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and hydrogen peroxide has also been shown to break amul solubilise
heterogeneous melanin granules effectively. This occurs as melanin is converted
into melanin free acid (MFA), which is a more soluble form of melanin. Conversion
of melanin into MFA is accompanied by a slight structural change, discussed in
chapter 2. It does not result in substantial colour change of the hair. However,
solubilisation of the pigment isometimesa prerequisite for bleaching to occur. The
oxidative breakdown of melanin that follows during bleaching has been proposed to

lead to voids wthin the hair fibre, which also contribute to hair fibre swellthg

As well as facilitating diffusiothe alkaline pH (usually this is approximately pH 10)
results in the deprotonation of hydrogen peroxidek, = 11.65 to generate the
perhydroxyl anioff. This is a critical function of ammonia in bleaching systeas
the perhydroxyl anion is thought tbe an active oxidant in the melanin bleaching

proces&®.

Unfortunately, the combination of ammonia and hydrogen peroxide on the human
hair leads to complications with the bleaching procedure, that lead to the hair fibres

becoming damaged due to thegsence of metals on hair fibres.

1.4.1.1 Hair Damage

Hair fibres naturally containraabundance of endogenous metal igngithin the

hair fibre and exogenous metal iohsund to the surface fohair fibres. Endogenous
metal ions enter the hair when it is maalin the follicle. Exogenous metains are
present when hair comes into contact with the local environment, for example
when the hair is washed. Water is the biggest factor that influences the type and
quantity of exogenous metabnsfound on the surface of hailObviously the types
and amountsof metal ions that are transferred from water to hair fibres varies
greatly depending on geographical locati@s the global distribution of metal ions

in water itself differ§’. Other factors thatinfluence the amounts of metabns

found both within hair fibres and on the surface of fibres include, age, ethnicity,
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condition of the hair and any pretreatments that the hair has been exposed to.
Tablel shows the results from a recent global study by Godfrey, which detezhin

the mean amounts of some metal iofeund on hair fibres.

. Mean concentration /
Metal ions
ppm
ca’ 4625
Mg** 302
cu” 45
Fe'* 27

Tablel: Themean levels of exogenous metal idosnd on the surface of human

hair samples from around the gloe

The study also compareadhetal levels onhair fibres of both colourant and nen
colourantusers. It was seen that the amounts of ¥1gnd C4' rise for individuals

that colour their hair. Howevethe amounts of Cti and F&* remained similarThe
authors concede thathtese results may underestimate the actual amounts present
during the colouring process, as it is thought metal ions may be complexed by
components within the formulations and rinsed out after applicatidhe greater
metal ion contents on the hair fibres diair colourant users may be attributed to
the formation of carboxylate anions and sulfonic acids during protein oxidation
(discussed on page?2). These acids can also bind @eions upon washing, thus

increasing the amounts found on hair fibres that have been damaged by colBtring
4850

Whilst the literature shows a correlation between copper levels tedievel of hair
damage caused by Wddiatiorr’, it is also known that the presence of copper and
iron cause complications in the presence of alkaline hydrogen peroxide, as this

leads to Fenton(ike) chemistry”.
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1.4.1.2 Fenton chemistry

In 1894 Fenton discovered that a mixture of amirgalt with hydrogen peroxide
resulted in the oxidation of tartaric actd It was later proposed that iron salts lead

to the decomposition of hydrogen peroxide to form reactive intermedidlbeg are
responsible for the oxidatiol. To this day the exact mechanism by which hydrogen
peroxide is decomposed bgetal ions, such auf* and Fé*is not fully understood,
despite knowledge of the chemistry dating back to 1894. There are currently two
proposed mechanisms by whitihe hydrogen peroxide is suggested to decompose,

the radicalpathwaysandthe non-radical pathways.

1.4.1.3 The radical pathway of hydrogen peroxide decomposition

The radical pathwapf hydrogen peroxide decompositiamas the first mechanism
suggestedby Haber and Willstatter in 1981 Since then continuous publications
have arisen, suggesting different or additional steps to the mechanishhe key

steps are outlined in the scheme beltiw®.

H,O, + FE* A Fe* + 0, + 2H+ 1)
HO, + Fé'A FE*+ HO+HO 2)
HOO+ F&'A FE'+ HOOA “O,+ H (3)
FE“+ QA O+ Fé" (4)
O + HO, A HO'+ HO+ O ()

Step 1 is responsible for the production tbe superoxideanion However, it also

gives FdIl), which reacts very quickly withydrogenperoxide to give the hydroxyl
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radical (HO) in step 2.Generation of the superoxide anion is also possible under
basic conditions, when hydrogen peroxide is deprotonated to give thhayoeoxyl
anion. Electron transfer between redox metal ions and the perhydroxyl anion gives
the perhydroxyl radical, which is deprotonated to give superoxide anion (step 3).
Superoxide anions can either react with hydrogen peroxide to generate hydroxyl
radicals (step 5), or they can react with metal ions to regenerate Fe(ll) (step 4),

allowing for the efficient redox cycling of the metal ions.

The hydroxyl radical is highly reactive and known to react with biomolecules, such
as proteins, at diffusioontrolled rates” %, Oxidation of proteins in this manner is

thought to result in aging and loss of cellular functfon

As a result of Fenton chemistry thereforeulnerablehair colouring treatments lead
to the generation of hydroxyl radical The hydroxyl radical has been linked with
protein loss in hair fibres and may be a cause of hair dafiaghis is discussed in

more detail from pagel.

1.4.1.4 The nonradical pathway of hydrogen peroxide decomposition

The nm-radical pathway was postulated later as an alternative to the radical
mechanismi™. Highly reactive hypervalent metal intermediates, such as Feid
Cu(lll) have been proposed to form instead of radical species, such as hydroxyl
radical§?®*. These hypervalent intermediates show similar reactivity to that of the
hydroxyl radical, meaning that distinguishing between the two pathways is difficult.
However, regardless of the pathway, the formation of either intermediate during
Fenton(like) reactons leads to the potential oxidation of hair protefisA schene
representing the possible reaction pathways and reaction intermedifbeshe

Fe(ll)catalysedmentonreactionis summarised belot:.
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Figurell: The formation of possible hypervalent iron complexes as intermediates of

Fenton chemistfy.

It can be seen in the above pathways that radical generation may occur from the
non-radical complexes formed; particularly in pathwéyhere are two outcomes.
Production of either the nomadical ferryl ion (F& (4b)or the hydroxyl radicaf4a)
is posible. In fact the reaction pathwaand intermediates involved haveng been

the subject of intense debate.

The chemistry is affected by the presence of oxygen, pHaayahelating ligands

that arepresent in the systefii ®” %8 At low pHit is thought that the reduction of
hydrogen peroxide results in the production of hydroxyl radffalAttempts to
determine the reduction potentiabf the metal species involved in the reaction
have been madgin order to establish whether or nothe ferryl ion is involvetf.
There are many variables associated with the determination of reduction potentials,
for instance, effective charge and pH. This makes identification of the species

involved very difficuf® ®.
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Studies of eactionkinetics have also been used order to determine whetheor

not the intermediate involved ighe ferryl ion orthe hydroxyl radical under certain
reaction conditions. This is again dependent upon many variables such as, hydrogen
peroxide concentration, pH and ligands present. Dueltdh&se variables there is
discrepancy amongst the literature over values of rate constanany
assumptions have to be made with regards to which reactions are occurring when

the conditions are changéd

Efforts have also been made to discount the fsradical pathway by incorporating
70 labelled KO into a Fenton syem. The idea was to try and trap the resulting
HO using DMPO and detecting by EPRiowever, the nosradical ironperoxide
complex is capable of producing similar restit&xperimentally it habeenproven

to be very difficult to distinguish beteen the possible intermediates. However, a
recent DFT study proposdtiat the ferryl ionintermediate wasmost likelyto be
formed in aqueous solutions, when water was the only ligand. This finding was
based on the activation energies of oxygexygen bondbreaking, for both
hydrogen peroxide bound to iron ions and free hydrogen peroxide. It was then
proposed that there exists a very small energy barrier for the transformation of the
intermediate iron complexes formed, into the ferryl ion, in the presenta oon

coordinated water molecul@.

Several enzymes in mammals, including catalases, peroxidises and cytochrome c
make use of ferrylon intermediates to break down hydrogen peroxide, without

generating highly damaging radical spetie¥.

In the case of catalase, multiple
studies lave confirmed that the breakdown of hydrogen peroxide proceeds via the
formation of a ferryl ion intermediaté °. The catalytic pathway of hydrogen
peroxide decomposition by catalase is showrFigure12. Catalase is discussed in

further detail in Chapter 4.
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H202 H2O o

\>—<\ » \\I(=I<\a/)2+—Porp hyrin®

H,O + O, H,0,

Porphyrin- Iaﬁ)3+ =

Figure 122 Scheme to show the catalytic pathway of hydrogen peroxide

decomposition by catalaé

Regadless of which intermediates exist in Fenton chemistry, they are likely to be
highly reactive. Indeed botlthe ferryl ion andthe hydroxyl radical have the

potential to damage proteiré.

1.4.1.5 Mechanism of hair fibre damage

As mentioned earlier, reactive oxygen species (ROS) from the roatahtalysed
decomposition of hydrogen peroxide are prone to oxidise biomolecules such as
lipids and proteins. This is thought to be one of the mechanisms of thega
process. Therefore, in hair colouring processes if ROS, such as the hydroxyl radical,
are produced, theyanreact with lipids and proteins in the haifhis reaction can
occur if formulations do not contain radical scavengers or-axiilants. As the
hydroxyl radical is so reactive, its reaction with proteins occurs when metal ions are
bound to the proteins directly. Decomposition of the hydrogen peroxide by these

ions then generates hydroxyl radical directly at the site of the proteins.

Figure13 shows how protein oxidation and peptide bond cleavage is po<8ibite

this example the major species responsible for protein oxidation is the hydroxyl
radical, which forms a carbon centred radical. Oxygen can then react to form the
peroxyl radical, followed by further oxidation by eithedox metals or ROS to give
an alkoxyl radical This thenleads to peptide bond cleavage, which ultimately

results inthe breakdown of proteins.
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Figure13: A possible mechanism of protein oxidation by hydroxyl radicdl by

redox metalg®

Cleavage and formation of disulphide bonds is another problem associated with
protein damageROS are capabld oleaving disulphide bonds, as well @sdising
cysteine and methionine units in proteinsading to the formation of these bonds.
Thisleads to structural modifications of the proteifisFigure14 shows how the
cleavage of disulph&bonds can also occur undalkalineconditions used for hair
bleaching®. The oxidatiorand hydrolysis of disulphiddsads to the production of
sulfonates, such as cysteic acidshswn inFigure15'2°. These sulfonates assist in
the bindng of metals, which in turontributes to further protein damage of the

hair*®.
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Figure1l4: One of the possible mechanisms of disulphide bond cleavage in alkaline
medig’

It is worth notingthat this is not the only postulated mechanism of disulphide bond

Ot S@r3asS d FEtl1FrtftAYS LI ® | &@RNR3ISY StAYA

plausible, followed by the subsequent cleavageaotulphursulphur or carbon
sulphur bond* #2 However during hair bleaching, it is thought tha®ond fission

is the predominant mechanism of disulphide bond cleavafe
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Figurel5: Scheme to show the possible routes of disulphide bond cleavage to form

sulfonic acid, via cystine oxide intermedidtes.

The oxidation of proteins within hair fibres in these ways leads to hair damage.
Several studies have examined hair samples after various treatments to observe

and/or quantify the extent of damage that may occur.
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1.4.1.6 The effect of reactive oxygen sgcies on hair fibres

In the hair, protein oxidation leads to increased hair fibore damage and a feeling of
dryness, due to cuticles lifting from the hair shaft. After several bleaching or dyeing
cycles holes may form in the outer layer of the cuticle aeentually the complete
removal of some layers is observalfleThe SEM images Figure16 show this

clearly’.

4 h H,0, Bleach creme, 30 min

Figurel6: SEM images dfa) anuntreated hair fibre, (b) & (c) hair fibres treated
with 6% HO, at pH 10.2 (21 °C) or (d) a hair fibre treated with a bleach creme
treatment of 9% kD, at pH 8.6 (21 °&)

Although this damage appears extensivehas been shown that this does not
affect the tensile properties of théair fibre, probably because the cortex is

primarily responsible for the mechanical strength of Kaff. It does however, lead
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to a decline in the appeance and feel of the hair, which is not ideal for a cosmetic
treatment. As a result, a large amount of research has gone into attempting to
prevent damage to hair fibres that can occur during pemerd hair colouring

procedures.

1.4.1.7 Preventing hair fi bre damage

Ordinarily the Fenton reaction relies on a transition meiah to catalyse the
decomposition of hydrogen peroxide. For decomposition to occur spontangously
the metalion needs to cycle between two oxidation statess shown by reactions
(1) ¢ (4) on pagel?. In the Fenton reaction the metan centrewould be expected

to have a redox potential that fits between the valued33 ¢ 0.46 ¥/, that
correspond to the hakequations (6) & (Yat pH 7°. This allows the metal to cycle
between oxidation states, whilst hydrogen peroxide is decomposed through
reactions (2) & (4) on pagd?7. It should be noted that this redox window is based
on standard oxidation potentials that have been acquired at pH 7. These oxidation

potentials may vary for Fenton reactions that ocatialkaline pH.

H,O, +€A OH+OH  (0.46\? (6)

O, +6A D (-0.33 V9 (7)

The redox potential of Gi/Cu'is 0.161 V, shown in half equation (8). This makes it
able to catalyse the decomposition reaction. Moreover, as this valuetieimiddle

of the redox window it allows for fast decomposition of the peroxide. If the
oxidation potential lies towards the edge of this window it will lead to slower

decomposition, as the rate of either reaction (2) or (4) will decr&ase
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Ct +eA Cu (0.161\°) (8)

Fe'+ e A Fe' (0.771\) 9)

The situation is more complex for irdons The oxidation potetial of F&'/Fe**
(half equation (9) is 0.771 V, which lies outside the redox windétewever,pH
plays an important role in the Fenton reaction. It has been suggestedahpt 10
Fe(ll) could exist ahe [Fe(OH)] complex whilst Fe(lll) is generallinsoluble and
exists as F©;”" %2 The redox potential assiated withthese specieghalf-equation
(10)) lies in the redox window ancbuld explain the catalytic behaviour of ifSnOn
the other hand, it is more likely that Fe(lll) is bound to substances within the hair
fibre, which could alter redox potentials sufficiently to allow iron ions to catalyse

the Fenton reactia.

FeOs;+ 4H + 26 A 2FeOH+ HO  (0.16 V) (10)

Understanding the redox potentials behind Fenton chemistry has enabled the
development of échnology to stabilise hydrogen peroxide and hence preven
decomposition. One of the moreffective ways to achieve this is by the use of
chelating ligands to sequester the mefld.igands can altethe redox potentialof

the metal centreto a value that lies outsidéor closer to the edge) dfhe redox
window. Hence, theyreduce the rate of eitherreaction (2) or (4) substantially
enough to prevent decompositiordditionally, ligands coordinatively saturate the
metal centre, preventing hydrogen peroxide from binding and thus decomp&sing
This has been applied successfully tar ltalouring systemsChelating ligands are
now commonly used in formulations to prevent the damage of hair fibres by

hydroxyl radica, as a result of hydrogen peroxide decompositfon
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One of the moreeffective chelants for inhibiting hydrogen peroxide decomposition
by copper is etflenediaminetetraacetic acid (EDTAligure 17)**. However, as

mentioned on pagd6, hair fibres contain significant levels of other metals

Ho NH\
KA

EDTA

Figurel?: The structure of the chelating ligand EDTA.

The presence of such a high concentration of caldinms causes problemthat are
associated with the use of EDTA. Despite the much lower stability constant of the
Ca(EDTA) complexvhen compared withthose of the Cu(EDTA) or Fe(EDTA)
complexes Table 2), the large excess of calcium results in the majority of EDTA
beingcomplexed to the calcium ion at pH Ithis leaves the redox active metal ions
unbound, leading to Fentodike) chemistry and hence hair fibre dama@hapter 7
descibes how speciation plots could be predicted based on the stability constants
of the metal complexes.HE speciation plot ifFigurel8 shows the posbkie copper
complexes that form in an aqueous model system containing 400 mj) N&-B5

mM EDTA, 170 mM &aand 1.27 mM Ci. These simplified conditions represent
the environment found on the surface of hair fibres during bleactlingnder
realistic bleaching conditions, the relatively low concentration of EDTA means that
copper does not bind to the ligand, resulting in the formation of copg@monia
complexes. However, in real hair systems proteins are likely to compete with

ammonia to bind the copper.
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Metal | LogK
ca* | 10.81
Mg | 8.96
Cu* | 18.78
Fe* | 25.10

Table2: The binding @nstants of EDTA with the metal idiesind in hair”.

1+ Cu(HEDTA)*
Cu(HEDTA) CuO
0.8 -
Cu(NH,);OH*
0.6 -
<
K]
B Cu(OH),*
@©
fre
04 -
CuNH;(OH);
0.2 -
0 - T T 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure18: Speciation ploto show the coppecomplexes formedn a model hair
system containing 400 mM NHL3.95 mM EDTA, 170 mM*and 1.27 mM C®°,

Chelating the calcium ians not desired as it does not catalyse the Fenton reaction.
Chelation of this ion essentially uses up the chelating agent, so thaiaraand
copper ions remain unbound. Thus, the transition metal ions are freatalyse the

decomposition of hydrogen peroxide, generating hydroxyl radicals.

This observation led to the use of the ligand ethylenediantinE dlisuccinic acid
(EDDS), which has a much higher specificity for the copper ionlomvealcium ion
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(Table3). It has been suggested that this selectivity is determined by the size of the
central metal ions. Gahas an ionic radius of 0.099 nm, which is miasiger than

the radius of Ctf (0.073 nmJ°. EDTA can accommodate both?*Cand Cd" easily,
leading to stable complexes. However, whilst copper ions are small enough to form
a stable complex with EDDS, it is thought that thé*@an is too large. The
distortion of the complex that must occuorf EDDS to bind calcium ions, leads to a
relatively unstable complé% Therefore, EDD®inds copper ions much more
effectively in the presence of other metals, as shown by speciation plotfor a
systen containing 400 mM N4 13.95 mM EDDS, 170 mM*Cand 1.27 mM CU
(Figure20). This leads to a system that produdesver hydroxyl radica, thereby

being likely to reducéair fibre damage in colouring systeths

0. _OH
0
NH
HO " SNH
HO
Ho” o
0

EDDS

Figurel9: The structure of the chelating ligand EDDS.

Metal | LogK
Ca* | 4.58
Mg®* | 6.01
Cu* | 18.40
Fe* | 22.00

Table3: The binding@nstants of EDDS with the metal idosnd in haif®.
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Figure20: Speciation ploto show the coppecomplexes formedn a model hai

system containing 400 mM NHL3.95 mM EDDS, 170 mM#Cand 1.27 mM Ci®.

1.4.1.8 Quantifying hydroxyl radical production

As the amountof hydroxyl radica producedin hair colouring systems has been
linked with hair fibre damage, it is useful to be able to quantify hydroxyl radical
production n these systems. One of the moused methods of hydroxyl radical
quantification involves the reaction of the hydroxyl radiedth a spin trap and

subsequent detection usinglectron paramagnetic resonanceERR

The hydroxyl radical is an extremely reactive and sheed species, thus it is
difficult to detect. Spin traps are molecules that may react with reactive radical
species to form more stable radicalsat exist for long enough periods of time to be
detected by EPR. DimethiApyrroline-N-oxide (DMPO) is an example of a spin trap
that can react with the hydroxyl radical to form the DM®I adduct, the spectrum

of which is shown iifrigure22.
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Figure21. The generation of DMROH adduct from the reaction of hydroxyl radical
with DMPC®,

Intensity (a.u)

Magnetic Field (G)

Figure22: The typical EPR spron for the DMP@H adduct’

In the presence of redox metal ioftshas been shown that the formation of the
DMPQOH adduct is possible in aqueous media in the absehtgdroxyl radicals.
This occurs by the formation of the DMHR&" complex, which allows electron
transfer from DMPO to the metal ion. Nucleophilic attack of water may then occur
resulting in the hydroxylated probe and#¥eas shown by the mechanismFigure
23% This could potentially lead to a misrepresentation oditoxyl radicals amounts

that areproduced in systems.

Alternatively, using EPR to measure the decayhef nitroxide radicals, such as
2,2,6,6tetramethylpiperidinel-oxyl (TEMPO) may lead to an overestimationhef
hydroxyl radica. This is because redox metal ioeassily reduce the radical to

hydroxylamir in the absence dhe hydroxyl radicaf®.
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Figure23: Mechanism to show the hydroxylation of DMPO by water in the presence

of Fe(Ili§®

To avoid theproblems associated with spin traps, the use of colorimetric probes is
another technigue that can be used toneasure hydroxyl radical concentratioims
Fenton systems. Hydroxyhdicals can react witaromatic substrate to produce
hydroxylated addud, whichcan then be monitored by UMis spectroscopy or HPLC

to give anestimateof the amountof hydroxyl radical flux in certain systems. Probes
that are commonly used include nitrobenzene, benzoic acid, terephthalic acid and
salicylic acit’**®. It is documented that the hydroxylation of these probes may
occur at multiple locations arouhthe aromatic ring, as the hydroxyl radical is
highly reactive and noselectivé®. The multiple products of hydroxglan can

lead to problems associated with quantifying the amount of hydroxyl radical that is

produced®.

Additionally, salidyc acid is known to bindo metal ions which will affect the
extent of hydrogen peroxide decomposition that occurs in certain systems. Thus,

the amount of hydroxyl radical may be altered by the preseaf this probé®.

HOMNH NHMOH

0] o] (0] (0]
N+
s \\\O

o]

Figure24: The colorimetric probPDPA
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The problem of metalon chelation NPDPAmay be overcome by the use of the
colorimetric probe p Z-[(6Qitro-1,3-phenylene)diimino]bis(®xopentanoic aicl)
(NPDPA (Figure24). NPDPAs more suitabldor use inmonitoring hydroxyl radical
production in Fentoflike) systems, as it will notbind metals strongly.
Hydroxylation of the probe at the orthposition and the para positionis possible
and the ratio of products has been document&d The nitrophenol adducts that
are formed absorb strongly in the visible region, under basic comditadlowing for

a quantitative estimation of hydroxyl radisaby U\tvis spectroscopyAs a result
NPDPAhas been used throughout this project to measure hydroxyl radical
formation in various systemsThemechanismof NPDPA hydroxylatiois discussed

in more detail in chapter 2.

1.4.2 Hair Dyeing

The pocess of hair dyeing initially makasse of the principles behind hair
bleaching, to degrade the melanin hair that isresponsible for the natural colour
of the fibres. This requires the use of hydrogmroxide, whichmayalsoplay a role

in the production ofdye molecules.

Generally, these permanent dye molecules are produced by thetardof smaller
dye precursors, which firstiffuse into the cortex of the hair fibre, along with
hydrogen peroxideOnce inside the hair cortex they may then be oxidisgde
hydrogen peroxide to formlarger dye molecules that are trapped permanently

within the hair fibres.

Hair dye precursorthat are used are parsubstituted aromatic amines or phenols

that are swsceptible to oxidation. Typically the size of $eeprecursors is
approximately 0.5 nif®, allowing them to diffuseinto the hair fires through
GLIZNBE&ES (K2dAKG G2 K% ghénylénedianine PR ¥ a dzLJ
common precursor that is used in dye formulations. In thespreee of alkaline

hydrogen peroxide it is oxidigl to the reactiveguinone diimine intermediate (QDI),
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as shown inFigure 25. It has been observed that PPD can cause contact
dermatitis®’. When ingested in sufficient quantites PPD can also cause renal
failure’®®. For these reasons, alternatives to PPD may be used in hair colouring
formulations, such as2,5-diaminotoluene sulfate (DTS) or 1,4diamino-2-

methoxymethytbenzene(MBB}®.

Coupler
OH

NH, [0] NH MAP NH (0] Na
I— - —_—
H,N HN HoN HoN OH HzN HoN o]
Precursor Qpl Leuco Dye Precursor-Coupler Dimer

R

R= -H (PPD) NH.
2
-CH, (DTS) [0]
H,N
-OCH, (MBB)
R R
X
HoN H,N o] NH,

Precursor-Coupler Trimer

Figure 25. Scheme to shw the formation of permanent dye molecules by the

oxidation of PPD.

QDI can then react with couplers, which are typically reathstituted aromatic
amines or phenols, such as meaminophenol (MAP). This reaction forms
colourless leuco dye intermeates, which can then be further oxidised to form
indophenol and indamindaseddye molecules that are responsible for the final
colour of the formulatiod. The mechanism of dye formation is discussed in more

detail in chapter 4.
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1.5 The role of water in hair colouring

The major component of hair colouring formulations is water. It is primarily used as
a biologically suitable solvent, which contains all of the ingredients that make up
hair bleaching and hair colouring formulations. Therefore, water allows hair
formulations to be applied easily to the hair. However, in addition to acting as a

solvent, water plays several roles during the process of hair colouring.

1.5.1 The role of water in hair bleaching

As discussed in section 1.4.1, the process of la@ching elies on the hydrogen
peroxidemediated oxidation of melanin. Melanin is found in the cortex of hair
fibres. Therefore, diffusion of the hydrogen peroxide from the formulation into the
hair fibres is necessary, for bleaching to occur. Wateiliaes this process in
multiple ways. Firstly, it provides a transport medium for the hydrogen peroxide, as
keratin, which is present throughout the hair fibre cortex, is hydrophilic and can
absorb large amounts of watéf. Thus, aqueous formulations are absorbed into
the hair cortex. However, the hair surface is hydrophobic and this provides a
substantial barrier for aqueodsased formulations to initially overcorfie The use

of surfactants in formulations is designed to tune the hydrophilicity and surface
tension of the hair fibres so that formulations can be applied effectively
Additionally, these surfactants assist in the solubilisation of components within the

formulation that have limited solubility in water.

Secondly, as memned in section 1.4.1, water facilitates the diffusion of molecules,
such as hydrogen peroxide, into the hair cortex, by swelling the hair fbs This
swelling probably arises as a consequence of the cleavage of hydrogen bonds
between the protein chains that make up the hair filkeHair fibre swelling is
greatly increased by alkaline pH. Therefore, water is again critical for allowing the

dissociation of bases that are used generate this high pH. For example, the

35



Chapter 1

equation below represents the formation of ammonium hydroxide in water,

resulting in an alkaline solution.

NHy+ HOp === NH,OH .,
Penetration of molecules, such as hydrogen peroxide, into hair fibres is accelerated
as a consequencef increased hair fibre swelling. It is not sufficient that hydrogen
peroxide reaches the cortex for hair bleaching to occur. It is also essential that
dissociation of the hydrogen peroxide occurs, to form the perhydroxyl &hias

shown by the equation below. Again, this disgtion requires an agueous medium.

+
(aq)

H202(aq) —_— HOZ(aq) + H

Due to the factors discussed above, aqueous formulations are necessary for hair
colouring procedures. However, there are also problems associated with the use of
water. Firstly, hair swelling is known to make therh@res more susceptible to
damage, as the cuticle is lifted and more susceptible to fragment&tidnis leads

to a dry and damaged feel to the hair. It is also recommended that hair colouring
treatments should not be applied to wet hair. If colouring formulations are applied
to wet hair, it is difficult to control where theolour forms on the hair. This is due to

the fact that the ingredients in formulations are free to diffuse throughout the
water on the surface of the hair. Therefore, it is important for formulations to
contain the appropriate amount of water and to useithaolouring formulations

under the correct conditions.

1.5.2 The role of water in hair dyeing

Water often plays the same roles in hair dyeing as hair bleaching, as the first step of
dyeing hair can involve melanin bleaching (when a lighter hair shade then the

natural colour is desired). Additionally, water also contributes to the oxidation of

36



Chapter 1

dyes that are used to colour hair. Corbett has shown that by bubbling oxygen
through aqueousalkaline solutions, mixtures of PPD and MAP can react to form
indoaniline dyes, whichre used to colour hait’. This is important to bear in mind,

as oxygen is dissolved in water. Thus, as it diffuses into the cortex water transports
oxygen into the hair fibres. Oxygen saturation levels of water vary depending on
many factors, including temperature and the salinity of the water. In the case of
hair cdouring procedures that use hydrogen peroxide, the decomposition of
hydrogen peroxide in the hair cortex releases oxygen, whichfudher increase

the oxygen saturation levels of watéf. Direct oxidation of dye precursors by
oxygen is not the only way that oxygen contributes to dye fdroma During the
Fenton reaction, oxygen is required for the redox cycling of metal ions, which
catalyses the decomposition of hydrogen peroxide fegffiation 7¢ page25). This

leads to the production of ROS, which are also able to oxidise dye precursors or
melanin during hair colouring, as well as causing protein oxidation and hair damage.
Therefore, the fact that oxygen can be transported into the cortex by water

potentially lead€o both positive and negative aspects of hair colouring procedures.

Another transient species that can become involved in redox chemistry in aqueous
media is the hydrated electron (g). When metal ions lose electrons in water they
release electrons thtacan be solvated by water molecules. Solvated electrons are
powerful reducing agents in solutions > pH 7.85 (oxidation potentialgfie-2.77

VM. Therefore, they could play mle in the reduction of Fe(lll) to Fe(ll), which
would increase the rate of hydrogen peroxide decomposition, during hair colouring
procedures. The rate of decomposition not only affects the extent of hair damage
that can arise, but also how much dye isgdaded by hydroxyl radicals. There is
little literature available that discusses the role of solvated electrons in Fenton
reactions. However, the transfer of an aqueous electron to a metal ion centre is an
outer-sphere process® There is evidence that has shown that insphere
electron transfer during Fenton reactioris more favouretf **°. Therefore, it is
currently unclear what role the hydrated electron plays during Fenton chemistry.

Thus, its role imair dyeing and melanin bleaching is also unknown.
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Inner-sphere electron transfer during Fenton chemistry involves the direct bonding
of hydrogen peroxide to the metal ion centre. This is achievable when the metal ion
is bound to labile ligands, such aster. Water can diffuse easily into the hair
fibres, making this a possibility. Most hair colouring formulations use less labile
chelating ligands, such as EDTA, to prevent hydrogen peroxide from binding to the
metal ion and decomposing. However, it is @@ whether these ligands can
diffuse into the hair fibre, due to their large size and the negative charge that they
carry. This could result in the types of complexes showfigare28 forming in the

hair cortex, which would lead to more extensive decompositiban if the less

labile EDTAgand was boundThus, more hair damage could result.

It can be seen that water plays several important roles (both positive and
potentially negative) duringhe process of hair colouring. Throughout this thesis
agueous solutions are used as a model for the study of the reactions that occur
during the course of hair bleaching and hair dyeing. Due to the importance of water
in hair colouring processes the useazfueous model solutions was considered to
be appropriate. The biggest limitation of their use as models is that diffusion rates
of substances into hair fibres are not accounted for. Although, for many of the
studies, this was considered to be an advantédjscussed in the relevant sections).

It was also recognised that the concept of localised pH could not be replicated by
the use of aqueous formulations. During hair bleaching, aqueous formulations
diffuse into the hair at varying rates, due to the incmtsnt structure of hair fibres.

For example, the cuticle of hair that has been -pemted with colouring
formulations tends to be more damaged than untreated hair. Often, holes appear in
the cuticle as a result of this damadédurel6 (b)). This can lead to faster diffusion
rates of hydrogen peroxide into the hair fibre, where these holes exist. The diffusion
rates of formulations into the hair arémportant to consider. The less time
formulations spend on the surface of the hair, the less time there is for volatile
bases to evaporate, due to heat from the scalp. This would lead to localised areas
with different pH values within the hair cortex. Dégpthese limitations, aqueous
model solutions were considered to be suitable for many of the reactions studied

throughout this work.
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1.6 The application of hair colouring products to hair

People who desire to change the natural colour of their hair tenchawe two

options. They can choose to get it coloured by a stylist in a salon, or they can buy
colouring kits to use at home themselves. Nowadays, permanent hair colouring
formulations for use at home are readily available for consumers. They are a

cheaperalternative to salons. Thus, they are a popular choice for many people.

1.6.1 Hair colouring at home

Typically, home hair colouring kits are comprised of 3 separate compdnénts

1. Colourc The colouring agent is an aqueous solution, contajra variety of
dye precursors that will form the indamine or indophenol dyes, such as PPD
and MAP. They also contain ligands, such as EDTA, and radical scavengers,
such as sulphites, to prevent hair damage. Finally, as an alkaline pH is
required for thischemistry, they contain a base, for example ammonia (up

to 0.5 MY"".

2. Activator¢ The activator contains aqueous hydrogen peroxide (~ 4N
lighten the natural shade of the hair by oxidising melanin. The hydrogen
peroxide also oxidises the dye precursors, to form the dyes redpentor

the final colour.

3. Conditioner ¢ The conditioner is an aqueodmsed mixture of
predominantly alcohols and oils, designed to keep the hair hydrated after

the colouring process.

Instructions for the application of these home colouring kits dictétat the

colouring agent and activator be mixed thoroughly, until the colour has completely
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blended and the mixture has thickened. This should then be applied to dry hair,
which has not been shampooed (conditioner should be applied to the ends of the
hair if they are too dry). This mixture should then be applied to hair for
approximately 25 minutes. This time is dependent on the type of colour that is
desired. However, the mixture should not be left on for more than 45 minutes, to
prevent extensive fibre @aimage. Previous users of colouring formulations are
advised to pay particular attention to their roots in this step. After the appropriate
amount of time the mixture should be rinsed off with warm water. The conditioner

should then be applied for 2 minutés hydrate the hait'®

1.6.2 Hair colouring in salons

A similar process is use in salons to colour hair, whereby the colouring agent is
mixed with activator and applied to the hair. However, there are some subtle
differences used by professional stylists, depending on the tfphair that is being
coloured. These differences result in a change to the conditions used to colour the
hair, for example, depending on several factors such as, ethnicity, initial shade or
age, varying concentrations of hydrogen peroxide will be usseherally, higher
concentrations of hydrogen peroxide are used if the initial shade of the hair is
darker and the desired shade is relatively light. However, the most important
difference is the temperature at which the hair is coloured. Stylists oftenhese
lamps to increase the rate of colour development during the application of the
activated colouring mixture. Typically, heat is applied to virgin hair or darker shades
of hair, where it is more difficult to lighten the natural shade of the fibress Thi
results in a wide range of conditions that are used in hair colouring procedures,

which need to be tailored to the individual.

Throughout this thesis, reactions are studied at a temperature of 20 °C (unless

otherwise stated). Therefore, the data wereqgatred under conditions that are
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most comparable to those that exist during colouring at home, where the
temperature that is generated during the reaction is sufficient to drive the colouring
process. As mentioned in the previous section, a higher tempegat often used
during salon procedures, to facilitate colour formation. This higher temperature
may lead to changes to the chemistry that is discussed. The concentrations of
hydrogen peroxide used in commercial formulations are also likely to varytirem
concentrations used in this thesis, depending on the type of hair and the colouring
procedure that is desired. Typically, in salons this concentration varies between
approximately 0.9 M and 2.5 M. The concentration of hydrogen peroxide used in
the preented work is predominantly at the lower end of this range, focussing on

less harsh bleaching conditions.

1.7 The use of MEA in hair colouring formulations

Ammonia is typically used for hair colouring systems in order to providekatired

pH and to faciliate the diffusion of oxidats and dye precursors intbair fibres
(page14). However, the use of ammonia results in formutats with bad odours.
Consequently alternative bases have been investigated for their potential use in

hair colouring formulations.

Monoethanolamine (MEA)F{gure26) is one of the morgromising bases that can
be used inhair colouringformulations as an alternative to ammonia. In faittis
used in several productthat are currently on the market, due to the similar
properties of the molecule to ammonia. Both ammonia and ethanolamine are water
soluble bases that have similar pkalues, (9.21) and (9.50), respectively. Therefore,
similar concentrations can be used in order achieve the same final pH of
formulations*®. Both compounds also have the ability to interfere with hydrogen
bonding throughout the hair fibrE®. Thus they can assist with the diffusion of dye
precursors and oxidants into the fibre. There are hogresome differences
between the twobasesthat may lead to a change in the behaviouraaflouring

formulations. As a resulthere are several problems associated with the use of
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MEA in colouring formulations. Firstly, MEA may cause contact dermatitishwhi
can affect the scalp of uséfS. In addition to this, less extensive bleaching of hair
fibres is asociated with the use of ME#ased composibns and finally increased

fibre damage and hair loss has been obsefvétt 12

H,N N,
‘\_OH H }_' H

Figure26: Structures of the bases ethanolamine and ammonia

1.7.1 The possible causes for the differences observed in bleaching

systems containing MEA

When MEA is used in hair colouring formulations, insteadmmonia, two major
differences arise. The first is that a higher concentration of MEA is required to
achieve the same level of hair bleaching that is observed when ammonia
formulations are usetf. The second is that up #®5% more hair damage (protein

loss and cuticle damage) is observed when formulations containing MEA are used.
This has been studied using SEM, protein loss studies and by monitoring cysteic acid

formation, using Fourier transform infrared spectroscopy Rl

Currently, the reasons for the differences observed in hair colouring formulations
containing MEA are unknown. Any of the following physical or chemical factors may
play a role in the increased level of fibre damagegdecreased extent of melanin

bleaching that is observed in these systems.
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1.7.1.1 Hair fibre damage

MEA is a much less volatile molecule than ammonia. The vapour pressure of a
34.5% solution of ammonia is roughly Ral i  ¥3mailst the value for MEA is
much lower at 0.0%Pal  #*MThis means that MEA is much more likely to
remain onthe hair fibre for a longer pert of time than ammonia. Thus, when
MEAcontaining formulations are usedhair proteins may be exposed the base

for a longer period of time and motair fibre damagemay occuf’.

The incrased fbre damagehat was observed in the ME@ontaining formulations
(page4?) could also occur as a result of the formation of MEA radicals. It has been
shown tha two major radical specierm as a result of the reaction between MEA
and the hydroxyl radical. The maijiyriof radical formation is thought to occur at the
amino site, whilst carbol® Sy § NS R NJ RA Ol £ & |-cdiBon totha 2 LJ2 &

alcohol Figure27)*?°.

i HoN HO® HoN HO' HN
HO 2 - - \ .
* \_OH _\—OH 5 CH—oH *  HO
1

Figure27: The formation of radicals by the reaction of MEA with hydroxy! rd@ical

The fact that MEA forms such radicads well as remaining ohair fibres for a
longer period of timewould be expected taontribute to the increased level of hair

fibre damage that is observed in these systems.

The presence of metals on hair filsralso lead to the formation of various metal
ligand complexes, ithe presence of bases. Copp@ns in particular havdeen

shown to bind the bidentate MEA ligand and the monodentate ammonia If§and

The metal centres of copper(ll) complexes have electomfigurations of & The
lowest energy conformation of these complexes is a distorted octahedral geometry,
as they are affected by Jatreller distortion. This is due to the presence of an
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unpaired electron in the gorbitals. As a result, the complex distorts to give a
tetragonal geometry in order to encourage the removal of degeneracy. Thus, the
ligands in the axial positions are bound further from the metal centre than those in
the equatorial positions andhence they are more weakly bourtd™?°. When this is
taken into account along with the different binding shown by MEA and ammonia
ligands, thisinfluencesthe stability constants othe metal complexes thatre
formed (Table4). The structures of some of th€u(ll) complexes thdbrm in the
presence of ammonia and MEA are showrFigure28'?. The pesence of these
different complexes could affect the rate or extent of hydrogen peroxide
decomposition in Fentorlike systems. Thus, a difference in the extents of protein
oxidation may be observed, as a resulttbé varying hydroxyl radical flux ahe

colouring formulations.

2+ 2+
H,0 H,0 OoH 24

, [ H, NH, | H, H
MO i oM, H,0. | N 2 4 OH,

e ML |, My
NN NH; /T NHy /N U

/ OH, / o o HeN" | TNHg

OH OH H OH H OH,

[Cu(MEA)]* [Cu(MEA) > [Cu(MEA),J** [Cu(NH,),]*

Figure28. Some examples of the possibtamplexes that can form as a result of the

use of MEA and ammonia in hair colouring systems

It should be noted at this point that most hair colouring formulations use chelating
ligands, such as EDTA, whids ahigher bindingaffinity for metal ions thanthe
bases themselved &ble4). However, it is debated whether or not chelating ligands,
can diffuse into the hair fibre, due ttheir size andhe large amount of negative
charge that they carry. Inside the hair fibrekerefore, the base could become

factorthat influenceghe types of metal complexes that form.
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Metal-ligand complex | Stability ConstantgLogK)
[Cu(MEAY' 4.60
[Cu(MEAY** 8.25
[Cu(MEAY* 10.80
[Cu(NH)J* 12.50
[Cu(EDDS)] 18.40
[CU(EDTAJ] 18.78

Table4: Themeasuredstability constants ohmmonia and ME&opper complexes

compared with EDTA and ED@®per complexds *°.

1.7.1.2 Bleaching potential

The lower béaching potential of MEA formulationsould be attributed to the
differences in the structure of the base&igure 26). Although both of these
molecules have the ability to swell hair fibres by disrupting hydrogen boratialg
cleaving disulphide bondsetween proteins, theextent to which this occurs could
vary, once formulationsontaining either ethan@mine or ammonishave been
applied. This in turn wuld affect the rate of diffusion of oxidants into the hair fibres

and the extent of melanin bleaching could vary as a result.

The surface tension of hair fibrés another factorthat can influence the diffusion

of oxidants into the cortex of hair fibres. On changing the base in formulations, the
surface tension of the formulations can chahe'®2 This difference is more
noticeable at higher temperatures, whigxist duringsomesalon treatmens. The
surface tension of the hair fibre is affected, asresult of the variation of
formulation surface tension. Thus, the permeability of the hair fibre is in turn
affected and the rate of diffusion of molecules into hair fibres will chafige
Throughout this thesis # differen@ in surface tension of model formulations was
minimised by studying compositions of relatively low base concentration, at

temperatures of 20 °C.
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As metiioned above, MEAan formcomplexes with metal ions, such as copper
ions?® 13 This could lead to a change in trelox potential of metal centre§hus,
affecting thekinetics of lydrogen peroxide decompositigmesulting indifferences

to the extent of bleaching that is observedt is generally ampted that an
increased concentration of MEA is required to achieve the same level of bleaching

as that obtained in ammonihased formulation®” **°,

1.7.2 The possible causes for the differences observed in dyeing systems

containing MEA

As well as the differences that are apparent in the bleaching systems, producers of
hair dye formulations visually observe changeshe final colours that are obtained

from dyeing systems, when ammonia is replaced with MEA. The possible causes of
colour changes can again be categorised as either chemical or physical factors (or
both).

1.7.2.1 Chemical factors

The differences thatnanufacturers observe in dye formulations could be due to the
change in base affecting the pAs mentioned on pagél, the two bases Niand
MEA have different i, values As manufacturers do not buffer their formulations,
this could lead to changes in the pH. Some components of commgngiallations
could act as bufferdo minimise the differences in pH between Mased
formulations and ammonidased formulations. However, if the pH sblutions

does change this could have a numbéeffects on dye formation.

ThepH directly affects the rate of oxidation of hair dydmparies in a number of
ways. Firstly, it is a key factor mydrogen peroxide decomposition.hlis the
concentration of oxidantshat are available for reaction with the precursor varies
with changing pPf **®. Furthermore, changing the base alsethe ratio ofthe metal
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complexes in solutiorFigure29 shows the speciation pt for an aqueous solution
containing 400 mM MEA, 1.3 mM EDDS, 0.18 mM Cu(ll) and 70 joMTHiese
conditions were chosen to mimic the concentrations of active species found inside
hair fibres. The speciation plots of the equivalent NBolutions are idetical.
However, if the change in base results in a change in pH, the ratio of CiBB®DS
Cu(OH)EDBScomplexes will vary between the systeniEhesedifferent metal
complexes will catalyse dye formation at different ratesie to a change in the
redox potential of the metal ion centreTherefore, a variation in the ratio of these
complexes would result in a chamgn the rate of dye production. Faster rates of
dye production would lead to a greater amount of the dyes forming, for similar
treatment times Thus, a darker or bolder shade would be achieved using such a

formulation.

Secondly, for systems that involve precursors such as PPD, an increase in pH results
in an inhibition of the rate of dye formatiGnCorbett proposes the main reason for
this is becausa high pH affects the&oncentrationof the reactive quinone diimine
intermediate (pK = 5.75) that is present in its protonated form. Corbett also
suggests that the pH affects the proportion of coupler that can react in its
deprotonated form. However, these mayot be the reasons for the change in
kinetics as the initial oxidation of PPD is thought to be the rdé&#ermining step. It
seems more likely that pH affes the types and quantities of oxidants, such as
hydroxyl radical, that are formed during the Fentmeaction, or simply the amount

of perhydroxyl anion that is available to oxidise PPD to QBgafdless of the
reasoning it has been shown that a change in pH does affect the rate of dye
formation and this could be an important factor in the quantitiefsdyes that are

produced when different bases are used in formulations.
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Figure29: The speciation plot for a solution containing 400 mM MEA, 1.3 mM EDDS,
0.18 mM Cu(ll) and 70 mMEb.

Finally, the pH also affects the overetlarge on the final dye molecidedue to the
presence of oxygeatomsand nitrogenatomsin the molecules. This too affects the

final colour of the systent®

As a result of these factorshe pH has an effect on the rate of dye formation and
hence the final colour of dye formulatiol’. In addition to this, the base may also
affect the structure of dye mekules that are produced-or example, MEA is more

nucleophilic than Nkl Therefore, it may be able to react with dye molecufés

1.7.2.2 Physical factors

In addition to the chemical factors described above, there are several physical

factors that mayaffect hair colouringvhen MEA is used. Firstly, changing the base

could affect tle extent of hai fibre swelling. As discussed on pab# hair fibre

swelling is affected by the cleavage of hydrogen bonds and disulphide bridges

between hair proteins. This processuld be affected by a change in base, which
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will initially disrupt the hydrogen bonding and disulphide bridges between proteins
to differing extents. As a resulthé rate of diffusion of oxidants, such #se
perhydroxyl aion, into hair fibres woulde affected by the variation in hair fibre
swelling. Thisn turn leads to a variation in thete or extentof melanin bleaching
that occurswhen the base is changed, as mentioned in chapter 2. If less melanin
bleaching occurghen more of the natural pign@ation of the hair will be evident

in the final shade, after the formulation has been appliedss melanin degradation
further decreases hair fibre swelling, due to fewer vadidsning within the fibres
(pagelb), leading to an even greater effect on the diffusion rates of oxidants. The
rate of dye precursor diffusion into the hair fibvéll also change as a result of the
variation in hair fibre swelling. This is liketyaffectthe final shadeof products,due

to differing concentrations of dye formingside the hair.

Other physical factors that affect the final shade achieved by colouring formulations
include temperature, the amount of water present and how hair fibegs pre
treated. However, during this study model aqueous formulations were used, at a
constant temperature (20 °Gd account for these factorsThe concentrations of
active species were also controlled carefully. These conditions were used to ensure
that any differences that wereliservedbetweenthe modelformulationscould be

attributed to the change in base.

1.8 Project Aims

The use of MEA in hair colouring formulatiaesults inchanges to both the colour
that is obtained fronusing theformulations and the damage that can occur to hair
fibres, as mentionedbove. These differences could be due to physical effects, such
as the volatility of the base or the effect it has on facilitating diffusion of reactants
into hair fibres. Alternatively, these differences could be observed because of
chemical effects, suchs the formation of different radical species or melighnd
complexes, once formulationsave been applied to the haifhe primary aim of

this project is to use agqueous model solutions of hair dye formulations in order to
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observe the changes model hair cdouring compositionsthat occur as a result of
chemical differencesvhen the base is changeBy using aqueous solutions, factors
such as volatility andaryingdiffusionrates of active species into hair fibres, wmitit
contribute to any changes that may lmbserved.As water is the one of the main
components of hair colouring formulations, agueous model solutions can be
considered to be a viable model. Any intermolecular forces that play a role in the
science behind formulations, such as hydrogen bondintj,play the same role in
the model compositionsimportantly, the physical properties of MEAO based
compositionsand NH-H,O based compasions are also compaable at 20 °C, for

the concentrations of base used in these studi{@g® mM ¢ 400 mM). Surface
tension and solubilityare both equivalent under these condition@liscussedon
pagel86). Feezing pointmeasurementgor both MEAsolutionsand NH solutions

are also equivalen@t a concentration of 400 mM (~1 °Q*® 3% Finally, the
refractive index measuremens of MEAwater mixtures and ammaa-water
mixtures at 400 mMare comparableat 20 °C (1.3371 np and 1.333 np
respectively*® ). Taking all ofthese physical factorsnto account, it was
consideredto be appropriate to use aqueous model solutiofts the study of

reactions that occur during hair colourinig the presence of MEA or ammonia.

Before the effect of MEA on hair bleaching is investigated, the mechanism of
melanin bleaching will be studiedAs discussed in chapter, & is unclear which
oxidants are responsible for melanin oxidatiohhe work in his chapter will
therefore look to dentify oxidants of melanin, providingsights into the roles of
these oxidantsduring the bleaching othe more watersolubleSepiaMFA in model

compositiors.

Chapter 3 concerns the differences in chemistry when MEA is used in bleaching
formulations. Of particular interest is the amoumf hydroxyl radical flux in model
aqueous bleachindormulationsthat contain MEAThis provides an indi¢eon of

the level of protein damager melanin bleachinghat can occur in these systems,

when compared with those that contain ammonia.
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After discussing the bleaching systemiBe mechanism of hair dye precursor
oxidationis discussed in chapter 4. Itusclear from the literaturevhich species are
responsible for hair dye formation within hair fibre$herefore, the potential
oxidants of dye precursors will be gstigated in both agueous modsystems and

in systems that contain hair.

Generatinghair dye formulations that produce consistent colours can be difficult
Many factors are responsible for slight changethe final shades of productshib
point is discussed in more detail in chapter 5. As a resllanging the bastrom
ammoniato MEAleads tochangedo the final colour of dye formulations. Agaim
chapter 5 consideration is given to an investigation afjueous modeldye
formulations that contain MEAThe chemical reasons for any differences that may

be observedirediscussed
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Chapter 2 z Mechanistic studies of soluble melanin bleaching

2.1 Introduction

Bleaching of melanin is an important step in the hair colouring process when
consumers desire a colour that is lighter than the natural shade of their hair.
Despite it being well known that the process requires hydrogen peroxide at an
alkaline pH, there are some areas of the procedure that remain mechanistically
unclear. The largeésomplication is due to the presence of endogenous metal ions

in hair fibres, which leads to the decomposition of hydrogen peroxide, via a
Fenton¢like) reaction. The resulting mixture of reactive oxygen species (ROS) (See
chapter 1) can lead to the blelaing of melanin inside the hair fibre, which lightens
the natural shade of the hair. However, the extent to which each individual species
contributes to bleaching is not knowh*" >®°% The work in this chapter looks at

the mechanistic aspects of melanin bleaching.

2.1.1 Human hair melanin and Sepiamelanin

As discussed in chapter 1, melanin in the hair fibre is present in two forms.
Eumelanin is responsible for the brovatack pignentation of hair and
pheomelanin for the yellowed pigmentatiorf* **2. The overall colour of human
hair that is observed is predominantly determined by the ratio of these two types of
melanin. This ratio is determined by many factors including geography, genetics and
ethnicity*** *** The chemistry of melanin bleaching will change dependimghe

types of melanin that are present in the hair fibre. This variation in the types of
melanin could affect the consistency of bleaching studies if the melanin was
extracted from human hair. Additionally, melanin is difficult to extract from hair
fibres. Different methods have been used to isolate melanin from hair fibres,

resulting in the coextraction of varying levels of proteins and metal ions from the
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hair*® **°. To avoid the difficulties associated with melanin isolation from hair
fibres, studies in the literature have us&kpiamelanin (from the ink sacs &epia
Officinalis)as a model for black human hdf. It is possible to precipitate large
guantities of Sepiamelanin from cuttlefish ink in one batch, minimising any
inconsistencies in protein and metal iocontent, which may arise during the

preparation of melanin over multiple extractions.

The comparison betweersepiamelanin and black human hair melanin can be
made, as both pigments are predominantly eumelanic in character, and both
thought to consist maily of DHICA unifd The main difference between melanin
extracted from cuttléish ink and black human hair is the size of the melanosomes,
Sepiamelanosomes being much larger. This size difference has been shown to
affect the rate of melanin bleaching of heterogeneous mel&hifihe work in this
thesis was based on comparing the rate of a more soluble form of the melanin,
minimising the effect that the size of aggregates would have on the rate of melanin
bleaching. The added solubility of melanin in this steglults in another limitation

of the relatability of this model study to commercial bleaching formulations. During
hair bleaching treatments it is necessary for oxidants to diffuse into the hair cortex.
However, diffusion of oxidants through the hair clgi¢o bleach melanin was not
necessary in these soluble model compositions. Therefore, this would lead to an
apparent increase in rate of bleaching, when compared with that in heterogeneous
commercial bleaching formulationBespite this limitation, the lelaching in model
soluble Sepiamelanin formulations could be studied to provide insights into the
role that oxidants play during the oxidation of melanin for individuals that have

black hair.

2.1.2 Melanin free acid (MFA)

As mentioned in the previous demn, to study the bleaching of melanin it was
decided to use the more watesoluble form ofSepiamelanin, Sepiamelanin free

acid (MFA). Using aqueous model bleaching formulations, containing MFA, it was
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possible to monitor its bleaching by WAé spectoscopy. Studies by NMR have
shown that the monomeric units of MFA are different to thoseSefiamelanin*?
(Figure 8). There a@e more quaternary aromatic carbons. Additionally, there is
rearrangement involving the-8 bond of the indolic moiety. As such the authors
propose that whilstSepiaMFA is similar td&sepiamelanin, it contains more of the

monomeric units shown ifigure30™’.

o)
A A\
HO N
HO
S A\
HO ”
OH

Figure30: Two of the possible monomeric units (A) & (B) that are more abundant in
SepiaMFA

As discussed in chapter &, large amount of data has been acquired on the
structure of melanis. However, the monomeric units of melanin free acid hao¢
been identified. Additionally, it is unclear how these monomers are linked together.
This in turn makes determining mechanism for thelegradation of thematerial

difficult.

2.1.3 The mechanism of melanin degradation

Melanin degradation by various oxidants has been the subjeat\astigation for
several years and an exact mechanism has not been determined. Several studies

have postulated mechanisms baseul the general scheme shown Figure31.4
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:@\/\}(COOH m(COOH m (COoH) 2 A\S;L
N (COOH)

Figure31: The general reaction scheme for the breakdown of monomeric indole

based units to pyrrolic acids.

Thisreaction schemevasfurther explored andnore detailed steps are suggested in
figures 32-34°*. As can be seen, the initial steptie singleelectron oxidation of
hydroquinone unitso o-quinone moieties (theoreticallyfeasible wih redox metal
ions, such as Feor CU', or by ROS such a$0). This proceeds via theumelanin
radical asis alsoshown inFigure31. Theo-quinone units are then subject to attack
by perhydroxyl aniogin a variety of possible ways. The attacly proceed via

either of thereaction pathwag shown inFigure32 and 33.

Figure32 depicts the initial cleavage of thr@igomer backbongin this case the 2,4
linkage, to yield the hydroxylated-quinone @), via a 1,Alioxetanemediated GC
cleavage Thiso-quinonecan be further oxidisetly the perlydroxyl anion, followed

by copper ions or hydroxyl radicatsform PDCAS) and oxalic acid
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Cu Cu o fe)
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o ©
Z z

HO W H20 Ho (U NH

Figure 32 Possible mechanism of the breakdown of eumelanin oligomers by

hydrogen peroxide and copper ions to form PDCA.

57



Chapter 2

Figure 33: Possible mechanism of the breakdown of eumelanin oligomers by

hydrogen peroxide and copper ions to form PTCA.

Figure 33 indicates that one of theo-quinone units of3 is first oxidised via a

muconictype GC cleavage to the dicarboxylic &id*®. Decarboxylation to form a
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carbonyl, followed by a Baey#filliger oxidationallows cleavage of theligomer
backboneto form DHICA®) (Though this is not the only possible mechanism).
Further breakdownof DHICAby pertydroxyl anios, followed by single electron

oxidants, such as redox metals or hydroxyl radidatsgs to the formation of PTCA

(7).

Later it was proposed that there may be an alternative reaction pathway the

epoxide intermediateshownin figure 34,

T T - O'

o ° O T O-OH H%D

mR — = mR D —— NR = N_R

o N - - N N

) N o-oH OV LH 0 N o H
HO)) o] 0

Q| o-oH
1,2-dioxyetane mediated C-C cleavage results HO
. - -
in polymer breakdown, followed by further HO_ /N
degradation to various pyrrolic acids N R
HOY, H

Figure34: An additional reaction pathway for the breakdown of eumelanin into

alternative pyrrolic acids® *>.

More pyrrolic acids can be formed via this epoxide intermediate. Attempts to
interconvert between all the pyrrolic acids by decaxiglation were unsuccessful,
showing that the various reaction pathways outlin@de independent of each

other.

There are several suspected oxidants for the steps showsigare31 and Figure
32. Some of the major species that could potentially contribute towards the

oxidation of melanin are discussg in the next section.
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2.1.4 Possible oxidants of melanin in a Fenton -like system

As discussed in chapter 1, the presence of metal ions on the surface and inside hair
fibres leads to the catalytic decomposition of hydrogen peroxide, when hydrogen
peroxide is used to bleach hair. This leads to the formation of a variety of different
reactive oxygen species (ROS), which potentially contribute in some way to the
oxidative degradation of melanin, as outlinedkigure32. These ROS include the
superoxide anion, hydroxyl radical and perhydroxyl anion. Other possible oxidants
may include molecular oxygen and the metal ions themselves. The roles of these
oxidants have been studied to some extent in previous Wofk°. However, the

relative roles of thesexadants in melanin bleaching remain unknown.

Superoxide anion

The superoxide anion is likely to be formed igOHbased bleaching systems by a
couple of pathways. The first is the oxidation of hydrogen peroxide by metal ions, as
in Fenton{like) chemisty, as discussed in chapter 1. The second is the reduction of

molecular oxygen by metal ions.

It has been shown that melanin can oxidise the majority of superoxide anions to
form molecular oxygen. The remainder is reduced to form hydrogen peroxide, as
shown in reactions (11) and (12). As a result, monomeric melanin units are

converted to melanin radicai¥.

O + melanink A O, + melanin radical (11)

0¥ + melanineg + 2H A melanin radical + 30, (12)

When melanin reacts with a superoxide anion, little change is observed in the

optical spectrum®’. This is possip due to the disproportionation of melanin
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radicals, yieldingp-quinone units and hydroquinone unit&igure35), without the

oligomeric structure being broken down.

However, when the superoxide anion is produced in a Ferdike) system, the
presence of other oxidants complicates matters. This tssalthe further oxidation
of the melanin radical oo-quinone units, thus degrading the oligomefigure31)

and leading to a loss of colour.

Figure35: Disproportionation of the melanin radical

UV Radiation

Exposure to radiation has been shown to result in the bleaching of melanin
pigmentd$®. This has been proposed to be due to the formation of hydrogen
peroxide from melanin, in the presence of oxygen, when it is irradiated with UV
radiation. Figure36 shows how this is possible through the excitation of melanin, to
form the melanin radical. This radical can then react with oxygen to form a
superoxide anion, which can dismutate in the presence of water to form hydrogen
peroxide® 1°2 %3 UV radiation or metal ions in the hair fibre may then atepose
hydrogen peroxide, to produce ROS, such as the hydroxyl radical, which is
implicated in the bleaching of melanin pigmehfs Alternatively, under basic
conditions the perhydroxyl anion could attack the quinine moieties of the

melanirf'®.
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20, + 2H,0 — H0; + O + 2HO

Figure 36. Proposed mechanism for the production of hydrogen peroxide ®n th

irradiation of melanin with UV radiation.

Metal ions

Metal ions can bind directly to melanin units via the hydroxyl groups on DHI units or
by the carboxylate groups on DHICA uniits®. The effect of melanin bound metal
ions is complex and the majority of studies have focussed oniarms Recent work

has shown that the concentration and oxidation state of the metals play important
roles in the decomposition of hydrogen peroxide by the meldron complexe¥”

158 At high enough concentrations of Fe(lll) ions an increase in the production of
hydroxyl radicals is evident, compared with that which occurs in mefnem
systems. It has been proposed that this is because the reduction of Fe(lll) to Fe(ll) is
accelerated by melanin, thus increasing the rate of hydrogen peroxide
decomposition. At high concentrations, the Fe(lll) ions may then displace bound
Fe(ll) ionsrbm melanin and the solvated Fe(ll) can then catalyse the production of
hydroxyl radicals. By contrast, when Fe(ll) systems were used, hydroxyl radical
production appeared to be inhibited in the presence of melanin, potentially as the
Fe(ll) ions are efféively sequesteretf®. Little information is available on the effect

of copper ions. However, Korytowksi proposes that a similar situation may exist for

the reduction of Cu(ll) to Cu(l) by melaffin

Prevbus work has demonstrated a correlation between the concentration of
copper ions and the level of melanin bleaching that is observed for a system, though

it is unclear whether this is a direct result of the metal ions themselves or the ROS
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that are formedfrom the decomposition of hydrogen peroxitelt is posible that
metal complex centres could bind to hydroquinone moieties of the melanin. In the

presence of oxygen, this could lead to the degradation of melanin, as shown in

Figure37-69 161,

(o}

— s - — Fe
0" S C\O,, - E—— \Q
O OH !

O‘,O \O;\‘ll:e?w

O l
o HO =0
o \_ O
o 0
Figure37: The mechanism for the metal ion oxidation of catechol, in the presence of

oxygen, that could potentially be applied to melanin.

Perhydroxyl anion

Typical bleachingystems have a pH of approximately 10. Therefore, as agueous
hydrogen peroxide has a pléf 11.65, a substantial concentration of perhydroxyl
anion will exist, due to the deprotonation of hydrogen peroXiti&’. It has been
suggested that perhydroxyl anion may cleave carbarbon single bonds via
nucleophilic addition tam-quinone type monomeric units, formed by thmeversible
oxidation of the hydroquinone monomer units, by other oxidants, as shown in
Figure31*®**°. Previous work has indicated that the perhydroxyl anion may also be
involved in the solubilisation of melanin, which is a prnsite for bleaching.
However, there is no conclusive evidence that proves melanin is bleached by the

perhydroxyl anion.
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Hydroxyl radical

Hydroxyl radicals can be formed by the metal ion catalysed decomposition of
hydrogen peroxide in a Fentofike) reaction, as discussed ichapter 1. It is
possible that hydroxyl radicals are involved in the initial single electron oxidation
steps that are responsible for the reversible conversion of hydroquinone melanin
units into o-quinone units. It has been shown that phenol is subjecbxidation by
hydroxyl radicals to form phenoxyl radica®.Similarly, melanin radicals could
disproportionate to formo-quinone units Figure 35), which are then subject to

nucleophilic attack by the perhydroxyl anf6rt*°.

Previous work has attempted to use radical scavengers, such as salicylate based
compounds in order to inhibit bleaching. However, it was rationalised that this
would not provide much information, as hydroxyl radicals would be produced at the
metal centresthat are bound to melanin. Due to their high reactivity, hydroxyl
radicals are more likely to react with the melanin than with the scavenger, at the
site of their production®®. Thus, the exact role of hydroxyl radical in melanin

bleaching remains wonfirmed.

The hydroxyl radical is known to react with most organic molecules at diffusion
controlled rated®. This causes problems when trying to monitor melanin bleaching
in heterogeneous systemdt is likely that the hydroxyl radicalgenerated in
heterogeneous bleaching baths will react with the outer cuticles of fiares or

with melanosome membranes of isolated heterogensomelanin, rather than
diffuse through these struairesto the oxidise the melanin itself. In faat is the
reaction of hydroxyl radicalwith hair cuticles that is thought to contribute to ma
fibre damagé®. Homogeneous gueous bleaching systems could be used to gain a
representation of the effect that the hydroxyl radical has on melanin bleaching. This
would avoid the problems that are associated with the diffusion of oxidants into

hair fibres, as mentioned above.

If the relative concentrationsof oxidants, such as hydroxyl radicgbresent in

various bleaching systemsan be determinedthen the roles of certain species
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involved in theoxidaion of melanin may be investigated for soluble melanin

bleaching systems.

2.2 Aims

The primary aim of the worthat is addressed in this chapter was to estabtisé
mechanism of soluble melanin bleaching in aqueous solutions. uBe of these
agueous compositionw/as to ensure that bleaching solutions could be monitored
by U\vis ectroscopy. It also served to remove problems associated with the
diffusion of highly reactive species into hair fibres or through melanosome

membranes of heterogeneous melanin, as mentioned on pageand 64%.

Studying the role othe hydroxyl radical in melanibleaching would be beneficial,
as melanin is known to bind met&ts **® %% Any perhydroxyl anion or hydrogen
peroxide that diffuses into the hair fibore may be dewposed directly at the
melanin, due to bound redox metal ionshérefore site-specific oxidation of
melanin may occur. By giying the effect of hydroxyl radicabn melanin oxidation
in soluble solutionsit was hopedthat some insight imd the process of hair

bleaching might be forthcoming.

Additionally, the perhydroyxl anion has been postulated to play an important role in
melanin bleachinf. By studying bleaching systems at varying pH values, the role of

the perhydroxyl anion in melanin bleaching could be investigated.

Also of interest is the role that ammonia plays as a bewsthe bleaching of soluble
melanin. It wvas thought that by comparing systems that used NaOH og, NH
buffered to the same pH, the rates of melanin oxidation could yield information on

the role ofbasesn the chemistry of hair bleaching processes.
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2.3 Experimental Methods

All the melanin bleadhg reactions that were carried out in this work were
performed in the laboratory, in the presence of light. The metal ion concentration

of bleaching solutions was carefully controlled.

Hydroxyl radical concentration and perhydroxyl anion concentratiorewaried to
observe their effect on melanin bleachingy determinethe relativeconcentrations

of each of these oxidants, the following procedures were used.

Perhydroxyl anion

The perhydroxyl anionconcentrationis easily calculated using thdenderson

Hasselbalch equatiomjiven the pKof hydrogen peroxide (11.65)

5
N0 N0 O¢&€Q—
d nv ‘00
For an initial hydrogen p@xide concentration of 0.979 M, the concentration of
perhydroxyl anion is 1000 times greater in a system at pH 10 compared with one at

pH 7:
At pH 7, [HO®= 0.022mM
At pH 10, [HOQ= 2..92mM

It is important to remember thatin certain Fentoriike) systems, extensive
decomposition of hydrogen peroxide occurs, which will obviously affect the
concentration of perhydroxyl anion that is available for bleaching over the course of

time.
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Hydroxyl radical

As mentioned in chaptet, the hydroxyl radical can bpuantitatively estimated for
each individual sstem using the UV active probe NPDP#hich has been
synthesised by Singh and Hif&r The structure oNPDPAand the mechanism of
hydroxylation are showm Figure38.

N

H

H NH NH OH
O\H/\/\\O\/ m

H /OH
GRS AR |
o) o) = o
NO,
OH
HO NH NH\/\/\/OH
7 [
NO,

Figure38: The mechanism of hydroxylation of the colorimetric probe NPDPA

As can be seen from the mechanistng hydroxyl radial reactswith NPDPA, to
yield ahydroxylatedcarboncentred radical Aromaticity is regenerated by the loss
of a hydrogen atom. This could occur due to the shaigetron oxidation of the
intermediate by a number of species, including redox metal ions or the hydroxyl
radical. Thehydroxylatedproductthat isformed has a strong absorbance at 430 nm

(I max. By monitoring the absorbance at this wavelength during a Fenliée]

reaction a relative quantitative estimation dhe concentration ohydroxyl radicad
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producedin each system can be measured. This method cannot aivabsolute
concentration of hydroxyl radicals, as the selectivity of the reactioNRDPAwith

hydroxyl radicals is unknown.

LGQ& AYLRNIFYyG G2 0SFNI AYy YAY RionloKthe KA &
NPDPArobe. Whether this is due to the hydroxyl radical or a inadical species,

such as the ferryl io(Seepagel8) is unclear. Botlof these reactive oxygen species

have similar reactivity. Attempts to distinguish between them have been made for

years However, it is very difficulto make clear distinctionsSome studies ggest

that both species may be preseint a way that ilependent on the exact reaction

conditions’* 16°,

68



Chapter 2

2.3 Results and Discussion

It is unclear from the literature which oxidants play a role ie threakdown of

melanin during hair bleaching. It was therefore decided to focus on identifying the
roles and relative importance of oxidants, such as the hydroxyl radical and the
perhydroxyl anion, in melanin bleaching. It was thought that the relativesratf

melanin bleaching under various conditions could yield information on the roles of
these oxidants. With this in mind it was decided that a study of the oxidation of
soluble melanin in homogeneous model hair bleaching solutions should be
undertaken. B using homogeneous solutions, physical factors such as the diffusion
of hydrogen peroxide into hair fibres, or the solubilisation of melanin, should not

interfere with the observed rate of melanin bleaching.

When dissolved in aqueous solutions, melaniregia broadband absorbance when
observed by UWis spectroscopy. As melanin is bleached and degraded it becomes
colourless and there is a uniform decrease of the broadband absorbance, as shown
in Figure 51. Therefore UWis spectroscopy is an appropriate method for
monitoring the bleaching. Though the spectrum of melanin lacks defined peaks,
bleaching can be monitored by following an arbitrary wavelenyfith this in mind,
several experiments were designed whereby aqueous solutions of melanin were
bleached with hydrogen peroxide under varying conditions. The effect of the
hydroxyl radicals and perhydroxyl anions on soluble melanin bleaching was the

primary area of focus.

2.3.1 Preparation of SepiaMFA and bleaching solutions

Sepiamelanin was isolated from the ink &epiaOfficinalisand converted to
Melanin Free Acid (MFARs described in work by Magarelli and Atte€®. The
electronic spectrum ofSepiaMFA in NHOH is shownn spectrum (i) Eigure39).

The elemental analysis 8epiamelain and MFA are shown Trable5, both analyses

compare well with the literature valué¥ *°®. SepiaMFAwas thendissolved ina
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base (NBL MEAor NaOH)and the rate of bleaching by hydrogen peroxide was

monitored using UWis spectroscopy.

Element % C %H| %N | % Rest

Sepiamelanin observed | 54.54 | 3.85 | 9.18 | 32.44

SepiaMFA observed 42,15 | 4.96 | 9.13 | 43.76

Table5: Partial elemental analysis 8epiamelanin and oSepiaMFA, compared to

literature values.

Absorbance / AU
[
Il

0.5 -

200 300 400 500 600 700 800 900
Wavelength / nm

—— (i) Sepia MFA - --(ii) Hydrogen peroxide = - (iii)Bleached Sepia MFA

Figure39: The UWis spectrum of (i) 0.03 mg miSepiaMFA in 400 mM NIDH at

pH 10 & 20 °C, exhibiting broadband absorbance (i) 8 mM hydrogen peroxide in
water (iii) 0.03 mg mk Sepia MA that has been bleached for 120 minutes at pH 10

& 20 °C in the presence of 400 mM48H, 0.18 mM Cu(ll) and 0.979 MOy

exhibiting a uniform decrease in absorbance in the visible region.
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A substantialabsorbance is presenbetween 200- 300 nm in thespectra of
bleaching solutions (spectrum (iii) Figure39). This absorbance was shown to be
caused by the high concentration bfdrogen peroxiden the solutions (spectrum

(i) Figure39). This high concentration of hydrogen peroxide makes the UV region of
MFA spectra difficult to analyse. Hewer, it is apparent that during bleaching there

is a uniform decrease in the broadband absorbance at wavelengths higher than 450
nm. This decrease in absorbance occurs as a result of the degradation of the
oligomeric chains that comprise the melanifherefore, it wasconsidered to be
necessary to choose a wavelengdébove 450 nm to monitor the relative
concentration of melanin during bleachingor the sake of this studywavelength

of 532 nm was chosenas melanin shows broad band absorbance and no
wavedength of maximum absorbance is appareAs a control it was necessary to
monitor colour fading of th&SepiaMFA, once it had been dissolved in solution. This
was to ensure that bleaching in the formulations occurred as a direct result of the

oxidants beng studied, preventing any misrepresentations.

2.3.2 Colour fading studies of SepiaMFA

Monitoring the fading of the solubilised melanin was achieved by dissolving 0.06 mg
mL* SepiaMFA in 20 mM Nght pH 10 and adding 0.18 mM Cu(ll). These conditions

were chosen as they represent the conditions used for bleaching throughout this
work, before hydrogen peroxide is added (see section 2.3.4 for a detailed
rationalisation of the conditions). Colour fadirwas then monitored by UMs

spectroscopy at 20 °C for 2 hours. Hbectronic spectra are shown Figure4O.
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Figure40: U\tvis spectra to show the fading of Sepia MFA over 2 hours at 20 °C
where it was dissolved in 20 mM &t pH 10 in the presence of 0.18 mM Cu(ll).

It can be seen that over the course of 2 hours, under conditions that were fosed
bleaching (before hydrogen peroxide is added), there is negligible fading of colour.
This is evident as there is very little change to the intensity of thevig\épectra

over the course of 2 hours. Therefore, it follows that under basic conditiarthei
presence of copper ions and oxygen, very little melanin is oxidised at 20 °C over the

course of 2 hours.

Having demonstrated that the solubilisation of t&epiaMFA itself did not lead to
substantial colour loss, the rate of melanin bleaching byrbgedn peroxide could
then be monitored with confidence, using WAi6 spectroscopy. It was of
considerable interest to study the effect of hydroxyl radicals on melanin bleaching,
as it is not clear from the literature whether this ROS contributes to thakitewn

of melanin. In order to investigate the effect of hydroxyl radicalsSapiaMFA
bleaching, it was decided to use Fentdk€) systems containing the soluble

melanin. This provided model homogeneous solutions that were similar to the
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environment that exists during hair bleaching procedures. In order to control the

flux of hydroxyl radicals during bleaching, a variety of chelating ligands were used.

Before this bleaching was monitored, it was necessary to quantify the extent of
hydroxyl radical prodction in the systems containing ligands, using-ws/
spectroscopy and the colorimetric probe NPDPA. Due to the broadband absorbance
of melanin it was necessary to omit it from solutions, when using NPDPA to monitor
the hydroxyl radical flux (in order tprevent the convolution of UWis spectra).
However, as melanin is known to bind metals, its omission from Fdiken
solutions could lead to a change in the environment of metal ion centres. This could
then affect the amount of hydroxyl radicals thatpsoduced, when compared with
systems containing melanin. It was therefore considered to be necessary to
determine whether or not the copper ion environment changes on the removal of

the melanin from the bleaching solutions.

2.3.3 The copper atom environme nt during melanin bleaching

Many types of melanin have been shown to be effective at binding redox metals,
such as Cu(ll) and Fe(lll), predominantly by the hydroxyl groups of multiple

hydroquinone moieties in the melanin, as shown Fig(re41)*>> 1°6 160 167 The

carboxylic acid group of DEA units has been shown to bind*Cand Md*™®’.
However, binding in this manner has only been demonstrated for Fe(lll)idit ac
pH™®. Due to this tendency of melanin to bind to metal ions, it was important to
determine whether chelating ligands, such as EDTA, bind the metal centres
effectively in the presence @epiaMFA. The effect of the metdigand complex on
hydrogen peroxle decomposition and hydroxyl radical production in a Ferlios

system could then be determined.
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Figure41: The binding of metals by melanin residue at alkalinE%H

Figure42 shows the EPR spectra of frozen solutions, at 140 K, containing 20 mM
NHOH, 0.18 mM Cu(ll), (1.3 mM EDTA and/or 0.06 mg SepiaMFA). The
hyperfine (A) and ¢ensors for each spectrum were simulated using EasySpin in
MATLAB and are shown Trable6. It is apparent that in the presence of EDTA and
SepiaMFA, Cu(ll) is bound to EDTA. The additiorSepiaMFA to a solution
containing 0.18 mMCu(ll) and 1.3 mM EDTA in 20 mM 48H makes little
difference to the EPR spectrum that is observed. The simulated parameters of the
Cu(IBEDTA spectrum compare well to values from the literatuse=(@.337, g =
2.09& A = 431.58 MHZ2%1%9),

Both of these spectra vary significantly from the spectrum of i@uligandfree
solutions containingSepiaMFA, showing that the copper is not bound to the
melanin. 0.06 mg mtSepiaMFA is roughly equivalent to a concentration of 0.36
mM, based on the unit molecular weight of 164.4 g thptoposed by Katritziy.
Therebre, SepiaMFA should not be saturated with copper ions. Additionally, the
EPR spectrum of copper in solutions S¥piaMFA shows that only one copper
species exists in solution under these conditions. Presumably, this is aSep{H)
MFA complex, basedn previous studies on the affinity of various melanins for
copper®®° The simulated parameters of the CufIFA complex do not compare
well with literature values for Cu(itatechol melanin, at pH 9.9(g 2.271 & A=
575.00 MHZ>®, though this could be due to the structural differences between the
SepiaMFA and catechol melanirFigure30 & Figure10). Despite this, it can be
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concluded from these EPR spectra that Cu(ll) is not boun8efmaMFA in the
presence of EDTA.

ANSY

S A Aot

100 G

—Cu(ll) EDTA  —Cu(ll) EDTA & MFA Cu(ll) MFA

Figure42: EPR spectra of frozen solutions at 140 K containing 20 nyj@H\NHD.18
mM Cu(ll), (1.3 mM EDTA) and/or (0.06 mg'rSlepiaMFA at pH 10. Spectral

subtraction has been used to remove the melanin signal from all spectra.

Complex Oi O | Ai/MHz | As / MHz

Cu(IlEDTA 2.307| 2.065| 434.39 | 39.23

Cu(I3MFA | 2.395| 2.055| 599.73 | 120.51

Table6: The hyperfine (A) and g tensors for copBTA and coppdrFA

complexes.

These results are consistent with tH#erature data on binding constants of

synthetic DHimelanin, which show that copper bound to the hydroxyl groups of
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hydroquinone moieties has a binding constant of log k = . EDTA has a higher
binding constant for Cu(ll)Téble 7), confirming that any metal ions present in
solution will be chelated to the ligand. It is important to note that the binding
constant of the Cu(HMFA complex will be slightly different to the value shown for
Cu(l)-synthetic melanin, as there are some structural differences between the two
melanins Figure10 and Figure30). However, synthetic melanin provides a good

model to make an estimatef the binding constant of CudMFA complex.

In order to determine the time taken for ligands, such as EDTA, to chelate the
copper ions that are bound t&epiaMFA. It was decided to study the change in
kinetics of hydrogen peroxide decomposition, whddTA is added to a solution of a
Cu(IBMFA complex in alkaline conditions. Hydrogen peroxide decomposition is
thought to occur in the presence of the coppmelanin comple¥. By contrast, the
EDTACu(ll) complex is known to result in negligible logégn peroxide
decomposition, (see chapter 3). Thus, the time taken for the change in the kinetics
of hydrogen peroxide decomposition to occur should provide an indication of the

time taken for EDTA to chelate copper centres fridapiaMFA.

The rate ofhydrogen peroxide decomposition can be studied by measuring the
volume of oxygen evolved during the Fentlilke reaction, (see chapter 7). Using

this method the percentage peroxide decomposition was calculated for a system
containing 20 mM NEJ 0.18 mM Cu() and 0.979 M §D, at pH 10 & 20 °C with 1.3

mM EDTA added at a reaction time of 30 seconds. By delaying the addition of EDTA
by 30 seconds the rate of hydrogen peroxide can be observed before the addition of
ligand. The change in the kinetics of the dexposition can thus be observed on the

addition of the ligand.

Figure43 shows that for a FentoH(ke) system containing 20 mM NBH, 0.18 mM
Cu(lhand 0.979 M b, at pH 10 & 20 °C, the rate of decomposition proceeds at a
relatively slow rate, before the addition of 1.3 mM EDTA. Upon the addition of the
ligand, the rate of decomposition becomes negligible, showing that ERMA

complex is effectie at inhibiting the breakdown of hydrogen peroxide.
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Figure43. Graph to show the rates of hydrogen peroxide decomposition for the
following systems: 20 mM NH0.18 mM Cu(ll), 0.979 M®, (0.06 mg mt Sepia
MFA) at pH 10 & 20C. 1.3 mM EDTA, added at 30 seconds.

For a system containingepiaMFA (20 mM NEJ 0.18 mM Cu(ll), 0.979 & and
0.06 mg mt SepiaMFA, at pH 10 &0 °C, with the addition of 1.3 mM EDTA, at a
reaction time of 30 seconds), the initial rate of hydrogen peroxide decomposition,
before EDTA addition, is much greater than the corresponding system wiiepia
MFA. This suggests that the Culftiglanin omplex may catalyse hydrogen peroxide
decomposition, initially in a similar manner to that of the Fe(hiBlanin complex,
where the metal ion centre is reduced by melanin (P&2¢>®. Korytowski proposes
that this is also a possibility for Cufttelanin. Furthermore, it has been shown that
Cu(l)melanin is redily oxidised by hydrogen peroxide or oxy8fermvhereas this has
not been shown for Fe(tpelanin complexes. Therefore, the catalytic activity of
boundto-melanin copper ions appears to differ to iron ions and can efficiently

decompose hydrogen pexade.

Upon the addition of EDTA, at 30 seconds the rapid inhibition of peroxide

decomposition is observed, as in the Mffée system. This is evidence for the rapid
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binding of copper by EDTA, in aqueous systems that contain sdidgaMFA.
Additionally, it was shown that the EDTBu(ll) complexs the only copper ion
environment that will exist in these bleaching solutions. Thus, it can be assumed
that the concentration of hydroxyl radical flux, measured in the absence of melanin,
will be similar to sygms that contain melanin. Although the extraction of copper
from melanin was only investigated for EDTA, it can be reasonably assumed that
EDDS and DTPMP would behave in a similar manner due to the high stability
constants of the Cu(ll) complexeBaple7). When HEDP is added to solutions of
melanin and copper at a basic pH, Cu(ll) is likely to remain bound to the melanin
due to the low affinity of HED#®r Cu(ll) ions under alkaline conditions ($eégure

69).

Ligand | Stability Constant / logK
EDTA 18.78
EDDS 18.50

DTPMP 19.50

HEDP 12.10

Table7: The stability constants of various Cu(ll) compf&xés

Using the colorimetric probe NPDPA, the production of hydroxyl radicals as a result
of hydrogen peroxide decomposition lilyese coppetligand complexes, could be
measured. As discussed, it was necessary to omit melanin from these experiments,
as the broad band absorbance it exhibits interferes with the absorbance due to the
hydroxylated NPDPA probe. However, for the EDTA,SE&RI DTPMP systems
melanin is unlikely to make a difference to the extent of hydroxyl radical production
observed. This may not be the case for the lighe@ and the HEDP systems, as the
presence of melanin appears to accelerate hydrogen peroxide degsitigm in the
absence of strong ligandsigure43). Therefore, when melanin is omitted from
HEDP and liganlee systems, an underestimation of thevel of hydroxyl radical
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production may result. By measuring the relative concentrations of the hydroxyl
radical flux in the various Fentdike systems described in section 2.3.4, one can
provide information to help to determine the effect that the radideas on melanin

bleaching.

2.3.4 The effect of hydroxyl radicals on SepiaMFA bleaching

It is unclear from the literature if hydroxyl radicals play a role in melanin bleaching.
Thus, it was decided to use a range of FeHrtk@ systems, which result various
concentrations of hydroxyl radicals, to observe the effect that the radical has on the
breakdown of the melanin. Fentelike systems that contain ligands, such as EDTA,
are known to result in a low hydroxyl radical flux, whereas ligled systens
result in much more hydroxyl radical production, due to extensive hydrogen
peroxide decomposition, (see chapter 3). As discussed in the previous section, when
chelating ligands are not added to melanin/copper solutions the copper will be
bound by melanin Therefore, these systems are not truly ligangle, but are
referred to as such for the sake of simplicity. By comparing the extent of melanin
oxidation in liganeree compositions to those that contain ligands, the effect of the

hydroxyl radical on blezhing can be observed.

First it was necessary to determine the hydroxyl radical flux, in the various Cu(ll)
formulations, that could be used to blea®epiaMFA. To do this the following
composition was monitored at 430 nm by W\ spectroscopy, 20 mM NEH, (1.3

mM ligand), 0.18 mM Cu(ll), 0.979 MGdand 1 mM NPDPA at pH 10 & 20 °C.

These conditions can be considered to be a model, to simulate the conditions used
in commercial hair bleaching formulations. The concentration of ammonia used was
substantally lower than that used in commercial formulations to avoid
complications with the UWis spectra, as discussed in chapter 3. However, solutions
were still buffered to pH 10. This is typical of the pH that is provided by bleaching

formulations. A copperon concentration of 0.18 mM Cu(ll) was used to mimic the

79



Chapter 2

concentration of copper ions found in the hair cortex, where melanin bleaching
occurs. The hydrogen peroxide concentration used is also representative of the
concentration found in commercial formations. Finally, NPDPA was used to
quantitatively estimate the amount of hydroxyl radical produced by these model
bleaching formulations. Once the amount of hydroxyl radical had been estimated,
the NPDPA was replaced with 0.06 mg nfiepia MFA, to providea model
composition that would represent the typical environment found during the
bleaching of black hair. It was thought that in particular these model compositions
could provide information on the bleaching of hair in individuals from Asia, where

blackhair is common.

As discussed on pag®/, the colorimetric probe NPDPA is hydroxylated in the
presence of hydroxyl radicals. The hydroxylated adduct (hNPDPA) has a strong
absobance at 430 nmRigue 44). Thus, by monitoring the absorbance at 430 nm, a
relative quantitative estimate can be made for the amounts of hydroxyl radical that

are produced by the various Fentdike systems.
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Figue 44: The UWis spectra showing an increasing absorbance at 430 nm due to
hNPDPA formation during the reaction of 20 mM MEA, 0.18 mM Cu(ll) and 0.979 M
H,O, and 1 mM NPDPA, at pH 10 & 20 °C.

The results irFigure45 show that for systems containing ligands, there is generally
a very low hydroxyl radical flux, when compared with the ligine@ system, which
shows a steady inease in hydroxyl radical production across 2 hours. One
exception is the HEDP system, which shows a rapid generation of the hydroxyl
radical inside the first 20 minutes, at which point the production of hydroxyl radical
levels off. The seemingly odd behawi of this system can be explained by
recognising the formation of copper nanoparticles in Ferika systems that
contain HEDP. These nanoparticles initially catalysed the decomposition of
hydrogen peroxide, generating a high quantity of hydroxyl rddistier a reaction

time of 20 minutes, the nanoparticles aggregated, leading to an abrupt decrease in

the rate of hydrogen peroxide decompositigh
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Figure45: Graph to show the rate of formation of hydroxyl k&dj by observation of
the absorbance at 430 nm in the following systems: 20 mM, K3 mM ligand),
0.18 mM Cu(ll), 0.979 My& and 1 mM NPDPA at pH 10 & 20 °C

For the ligandree and HEDP systerttsere is already a substantial absorbance at
the beginnng of the reaction. This is due to the rapid generatiorthef hydroxyl
radical in these systems. Thisoupled with the high reactivity of the hydroxyl
radical, results in an immediate hydroxylatiof the NPDPA probe and hence a

considerableabsorbancas evident immediately after the reaction is initiated.

Using this information concerning hydroxyl radical production, it was next decided
to use the same conditions to bleach melanin. It would thus be obvious if there was
a correlation between the amouraf hydroxyl radicals produced by a formulation

and the extent of melanin bleaching that occurs.

The general reaction studied involved the use of 20 mM,NH3 mM ligand), 0.18
mM Cu(ll), 0.979 M 4@, and 0.06 mg nit. SepiaMFA, at pH 10 &0 °C. These are
the same conditions that were used to monitor the hydroxyl radical formation, with

the substitution of NPDPA f@epiaMFA. A concentration of 0.06 mg thMFA was
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used, as this provided the absorbance that could be monitored reliably\byis
spectroscopy without any solubility issues arising. The rate of solbefgaMFA
bleaching by hydrogen peroxide and Cu(ll), with and without ligands, is shown in
Figure46.
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Figure46: Graph to show the rate of melanin bleaching in systems containing 20
mM NH;, (1.3 mM ligand), 0.18 mM Cu(ll), 0.979 MDpand 0.06 mg mit Sepia
MFA at pH 10 &20 °C.

Generally, for all the systems studied, the rate of bleaching is relatively high initially.
However, this rate slows down over the course of the reaction. This could be due to
the fact that melanin oligomers naturally contaquinone units, which can be
oxidised by the perhydroxyl anion directly leading to the immediate breakdown of
the melanin. However, once these units have been oxidised, bleaching relies on the
formation of moreo-quinone units from hydroquinone moieties before the melanin

can continueio be broken down. Hence, the rate of bleaching decreases.
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For the systems when a negligible hydroxyl radical flux is observed by NPDPA, such
as the EDTA system, less bleaching occurs over 2 h reaction than for theftegmnd
system, where the hydroxyhkdical flux is high. This could be due to the fact that
there are less hydroxyl radicals available in EDTA systems to convert the
hydroquinone moieties tam-quinone units, for breakdown by perhydroxyl anions.

For these systems, the majority of bleachingttis observed could be attributed to
oxidants other than the hydroxyl radical, such as radiation, metal ions or

perhydroxyl anion.

The ligandree composition displayed a greater rate of hydrogen peroxide
decomposition than is observed in formulationsathcontain strong ligands. This
confirms that there is a correlation between the hydroxyl radical flux and the rate of
melanin bleaching. The decrease in absorbance due to melanin was so fast in the
ligandfree system that it degraded a substantial amoungfore the first reading

was taken, hence the lower initial absorbance at the start of the reaction. This data
immediately suggest that in soluble melanin systems, the hydroxyl radical could

play an important role in bleaching.

Although the amount of hydrxyl radical flux appears to correlate with the extent of
melanin bleaching that is observed, it is important to note that when the ligands
bind to metal centres, they alter their redox potentials. On chelating the metal ion
centres with ligands, such a®EA, the decrease in melanin bleaching could be due
to the inability of the metal ions to directly oxidise the melanin itself, because of its
altered redox potential. However, on removing hydrogen peroxide from ligesel
bleaching solutions, the extentf anelanin bleaching was negligible. This confirms
that it is the hydroxyl radical and not the metal centres that are responsible for the

majority of bleaching in these compositions.

In the combinations studied, the formulation containing HEDP is uniquigsin
behaviour. The absorbance at 532 nm increased approximately 20 minutes into the
reaction. It has been shown in previous work that this increase in absorbance is due
to the formation of copper nanoparticles, in Fentbke systems that contain

HEDP®. The bleaching of melanin appears to be complete before formation of
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these nanoparticles occurs. The high rate of bleaching that was observed in this

system again correlates with the extensive hydroxyl radical flux.

Having observed that hydrokyadicals contribute to soluble melanin bleaching, as
postulated in the literaturé®, it was decided to investigate the role that perhydroxyl
anions play in bleaching. By altering the pH of the bleaching systems, the
concentration of perhydroxyl aons that are available for bleaching changes. Thus,

the effect that the anion has on melanin oxidation can be observed.

2.3.5 The effect of perhydroxyl anion on SepiaMFA bleaching

As for the hydroxyl radical, it is unclear from the literature whettier perhydroxyl
anion plays an important role in melanin bleaching. It was therefore decided to
investigate the role of the anion in melanin oxidation, by varying the pH of
bleaching systems. When the pH is increased in bleaching systems that contain
hydrogen peroxide, the concentration of perhydroxyl anion that is available for
bleaching is also increased. In order to determine if perhydroxyl anion plays an
active role in the bleaching of solub&epiaMFA, several experiments were set up
using the generatonditions 20 mM Ng (1.3 mM ligand), 0.18 mM Cu(ll), 0.979 M
H,O,, 0.06 mg mt-SepiaMFA at pH 10 or 7 & 20 °C.

The presence of ligand gives a system which has a negligible hydroxyl radical flux.
When ligand is not used there is plenty of hydroxylicatlavailable to contribute to
bleaching. Bleaching systems with and without ligand were analysed for at pH 7 and
pH 10. At pH 7 there is roughly 0.022 mM perhydroxyl anion available for bleaching,
whereas at pH 10 this concentration rises to 22 mM (Sage®6). By studying
systems that contain ligand and those that are ligdres at both pH values, the
relative importance of perhydroxyl anion and hydroxyl radical bancompared.

The extent of bleaching for these systems can be seé&igime47.
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Figure47: Graph to show melanin bleaching the following system: 20 mM NH
(1.3 mM ligand), 0.18 mM Cu(ll), 0.979 MDland 0.06 mg mEt MFA at pH 10 or 7
& 20 °C.

It is apparent that there is extensive bleachingSafpiaMFA in ligandree systems

at both pH 10 and 7. Despite the differersca perhydroxyl anion concentrations
that are expected for these compositions, the amount of melanin bleaching is quite
similar.Figure48 shows thatthe level of hydroxyl radical flux in the pH 7 ligeineke
system is much greater than for the corresponding pH 10 system. This not only
compensates for the lesser amounts of perhydroxyl anions available for bleaching at
neutral pH, it actually results fiaster bleaching overall. This again confirms that the
hydroxyl radical plays an important role in the oxidation of melanin in soluble
systems. Although, ammonia is required in commercial formulations to provide an
alkaline pH to bleach hair, these resuifsow that once the melanin is solubilised,
the hydroxyl radical is able to bleach melanin even at neutral pH. This confirms that
ammonia is needed to solubilise the melanin in order for rapid bleaching to occur,

as discussed on pa@é.
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Figure48 also shows that the hydroxyl radical flux in EDTA systems is satnidath

pH 7 and pH 10. However, the extent of melanin bleaching that is observed is much
greater in the system at pH 10. This is due to the higher concentration of
perhydroxyl anions that are available in the pH 10 system. It is also possible that the
deprotonation of groups within melanin could contribute to the increased rate of
oxidation, once bleaching is initiated by perhydroxyl anion. The EDTA containing
formulations demonstrate the ability of the perhydroxyl anion to bleach melanin in
the presence bnegligible amounts of hydroxyl radicals. However, it appears that
the hydroxyl radical is a much more effective oxidant of soluble melanin than the
perhydroxyl anion, as the bleaching in the ligdree systems at both high and

neutral pH values is far one extensive.
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Figure48: Graph to show hydroxyl radical flux in the following systems: 20 mjyl NH
(2.3 mM ligand), 0.18 mM Cu(ll), 0.979 MOxland 1 mM NPDPA at pH 10 or 7 & 20
°C.
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It is also evident fronfrigure47 that rapid melanin bleaching occurs in the ligand
free system at pH 7, where there is a high flux of hydroxyl radicals and the
concentrationof perhydroxyl anion is negligible. This indicates that the mechanism
of melanin oxidation shown ifigure31 is not the only possibility at a neutrpH.

An additional mechanism may exist whereby the hydroxyl radicals are capable of
bleaching melanin, without the need for perhydroxyl anions. (This is discussed

further on page94).

This data provide novel proof that both the hydroxyl radical and the perhydroxyl
anion contribute to the mechanism of soluble melanin bleaching, as hypothesised
by KorytowsKP. In order to gain further mechanistic insights into the exadbes of

both these oxidants in melanin bleaching, the thilelayed addition of a chelating

ligand to a soluble melanin bleaching system was investigated.

2.3.6 Time delayed chelation of metal ions during SepiaMFA bleaching

Existing studies of melaninidaching propose that hydroxyl radicals could be an
initial oxidant of the DHI units in melanin to foroaquinone units, which may then

be subject to nucleophilic attack by perhydroxyl anfGns

In order to probe this mechanism, the addition of a leteg ligand was delayed
during the bleaching dbepiaMFA systems so that, initially, there would be a ligand
free environment to generate an abundance of hydroxyl radicals. Thus, a high
number of DHI and DHICA units may be convertedodguinone units. After
chelation, the rate of bleaching of thesequinone units, by the perhydroxyl anions,
can then be compared to the rate of bleaching of melanin that has not been pre

oxidised by hydroxyl radicals.

Importantly, Figure43 shows that the chelation of metal ions by EDTAS@pia
MFACu(ll) systems, is very fast and as the reactivity of the hydroxyl radical is so
great, there would be no hydroxyl radis available for bleaching almost

immediately after chelation.
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Alkaline pH

A ligandfree bleaching formulation containing 20 mM §9.18 mM Cu(ll), 0.979 M
H,O, and 0.06 mg mit.SepiaMFA, at pH 10 & 20 °C, was set up. The absorbance
was monitored by UWis spectroscopy at 532 nm. 1.3 mM EDTA was added after

various time periods. The effect on bleaching can be observEdyjimre49.
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Figure49: Graph to show how the timdelayed addition of 1.3 mM EDTA affects the
bleaching ofSepiaMFA in the following system: 20 mM jK.18 mM Cu(ll), 0.979
M H,O, and 0.06 mg mit. SepiaMFA at pH 10 & 20 °C.

The rate of bleaching before the addition of EDTA is relatively high because there
are plenty of hydroxyl radicals available for oxidation. Upon the addition of EDTA,
the metal ions are chelated quicklyet the rate of melanin bleaching remains
relatively high. This suggests that the general mechanism suggested by Korytowski,

in Figure31,%° is viable. An oxidant, in this case the hydroxyl radical, converts the
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melanin to an intermediate, such asquinone, that is then readily bleached by the

perhydroxyl anion.

Further to this, in ligandree bleaching systems, the bINs spectra show a shoulder
in the absorbance, at approximately 400 niaiglure50). This could correspond to a
build-up of o-quinone units in the melani’, as a result of a large quantity of the

DHI and DHICA units being oxidised, by the high concentration of hydroxyl radical.
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Figure 50: U\-vis spectra over the time course of melanin bleaching, showing
shoulder in the absorbance at 400 nm for the following system: 20 mj/J (NEB

mM Cu(ll), 0.979 M4, and 0.06 mg mtSepiaMFA at pH 10 & 20 °C.

This shoulder in the absorbance, at approximately 400 nm, is not present in the
composition containing EDA, where very little hydroxyl radical is produc&i(re

51). This could be further evidence that, when there is lower hydroxyl radical flux,
the leser amounts of bleaching are due to less DHI/DHICA oxidation by the
hydroxyl radical. Hence, this explains the lack of evidence of accumulation of

quinone units in the UWVis spectra.
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By using IR to quantify the concentration of hydroxyl groups and cémdonyl
environments, in both liganffee melanin and EDTA bleached melanin, further

evidence for this suggested mechanism could be acquired.
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Figure51: U\vis spectra over the time course of melanin bleaching, showing no
shoulder in the absorbance at 400 nm for the following system: 20 miyIINB-imM
EDTA, 0.18 mM Cu(ll), 0.979 MDkland 0.06 mg mt SepiaMFA at pH 10 & 20 °C.

This data suggest that the mechanism depicte&igure31 could be correct for pH

10 conditions. However, to confirm this, it was necessary to study the dieteyed
chelation of metal ions in liganflee bleaching systems, at pH 7. The effetcthe
perhydroxyl anions on bleaching, after the addition of EDTA, can thus be observed
by comparing the rate for the pH 10 systems and the pH 7 systems. Additionally, the
possibility of an alternative mechanism of melanin bleaching existing at pH Becan

confirmed, as mentioned on pa@s.
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Neutral pHconditions

Bleaching experiments were performed at a neutral pH of 7. The li{aed
bleaching system was set up wi#® mM ammonia, 0.18 mM Cu(ll), 0.979 MOK
with 0.06 mg mtt SepiaMFA. 1.3 mM EDTA was added to the solution at various
time points, to chelate the metal ions. The bleaching of melanin was monitored at

532 nm by UWis spectroscopy at 20 °C. The resates shown irFigure52.
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Figure52: Graph to show how the timéelayed addition of 1.3 mM EDTA affects the
bleaching ofSepa MFA in the following composition: 20 mM §I19.18 mM Cu(ll),
0.979 M HO; and 0.06 mg mit SepiaMFA at pH 7 & 20 °C.

A similar trend can be observed for the bleaching experiments that were performed
at pH 7 as for those experiments performed at pHIhdially there is a rapid rate of
melanin bleaching due to the high hydroxyl radical flux. Upon chelation of the metal

centres, by EDTA, the rate of melanin bleaching is inhibited.
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However, for the bleaching systems studied at pH 7 it is apparent tieatdte of
bleaching after EDTA addition is different to the rate with the pH 10 systems. Firstly,
bleaching is inhibited more rapidly after the EDTA addition than for the pH 10
system. Secondly, there is much less overall bleaching when EDTA is adé#ked.at p
Figure53 clearly shows an example of the lower rate of melanin bleaching that was
observed for a pH 7 system, compared with a pH 10 system, after the addition of
EDTA.
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Figure53: Graph to show the effect of pH on the rateSafpiaMFAbleaching in the
following compositions: 20 mM ammonia, 0.18 mM Cu(ll), 0.979,®% &hd 0.06
mg mL* SepiaMIFA at pH 10 or 7 & 20 °C(1.3 mM EDTA added at 1 minute).

The initial rate of bleaching (prior to EDTA addition) is much faster in the Hgead
system at pH 7, due to higher hydroxyl radical flux, before the addition of EDTA at 1
minute. Upon the addition of the chelating ligand, the rate of bleaching in the pH 7
composition is reduced almost immediately. At this point, the rate of bleaching is

greater in the pH 10 composition. The lower rate of bleaching in the pH 7
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composition is due to the fact that there is very little perhydroxyl anion available to
bleach anyo-quinone units that are generated. This appears to add further
confidence in the mehanism proposed ifrigure31, giving further evidence for the
role that hydroxyl radicals play in accelerating the rat&SepiaMFA bleaching due
to the perhydroxyl anions. It also confirms that another rapid mechanism of

bleaching, caused by the hydroxyl radicals in the pH 7 system.

In a ligandfree composition at pH 7, melanin bleaching by hydroxyl radicals may
proceed via a similar mechanism to tbee suggested by Poeggeler et al, for the
degradation of melatoniri’> They propose that indoles may be oxidised to the
indolyl cation radical. This radical is then degraded by superoxide anions to form the
kynuramine metabolite shown irFigure 54 Breakdown of the oligomeric
backbone could also occur as a result of hydroxyl radical oxidation to form a carbon
centredradical on the indole ring which, in the presence of oxygen, would lead to
peroxyl radicals® and a 1,2dioxetane mediated cleavage of carboarbon single
bonds that link monomeric unit§~igure55). This additional mechanism could be
verified by analysis of the type and the quantity of degradation products obtained

in the pH 7 ligandree formulation and in the pH 10, EDTA formulation.
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Figure54: Mechanism to show the reactivity of hydroxyl radical towards intiode

molecules.

94



Chapter 2

P |
HO O Hoff
. S==0 =0
HO ™. HO NA HO™ Sy~ TNAH 0,
. o
@ o HO, _CL HO N HO
HO NH HOLI\O HO£| o HOI [ “o
l 7~ HO NH HO SH HO BH
g

o]
0, CTZ |

Further oxidation of polymer ——— | | =0

Figure55: Potential mechanism of hydroxyl radicakdiated melanin oxidation in

the absence of perhydroxyl anions.

This degradation by hydroxyl radicals may occur at pH 7 when there is no
perhydroxyl anion available. However, there is nothing to stop this sequence
occurring at pH 10, as well as the megtsn suggested by Korytowski. The extent
to which each mechanism contributes to bleaching may alter significantly
depending on the pH of the bleaching system. The degradation by hydroxyl radical
may dominate at a neutral pH. However, as the pH increades,ntechanism
involving the perhydroxyl anion could start to play a more important role, as the

concentration of perhydroxyl anion increases.

Having confirmed the importance and roles of perhydroxyl anions and hydroxyl
radicals in melanin bleaching, it wasnsidered to be desirable to establish the
effect that the base has on the chemistry of soluBlepiaMFA bleaching. Ammonia

is thought to facilitate the diffusion of oxidants into the hair fibre, where melanin
bleaching can occur. Diffusion is not a tacin homogeneous systems. In this way

whether or not ammonia plays a role in the chemistry of melanin bleaching can be
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established. It was thought that this approach could help to explain why a change in

base leads to varying levels of hair bleaching.

2.3.7 The role of ammonia in soluble melanin bleaching

Ammonia is used in hair bleaching systems in order to provide an alkaline pH for the
generation of the perhydroxyl anion, which is necessary for melanin bleaching in
heterogeneous systems. Ammonia ised as the base in particular is because it
effectively swells hair fibres. This allows oxidants into the cortex of the hair fibre,

where they can then bleach the melanif

Ammonia also plays a role in hetemwous melanin bleachingzigure 56 and
Figure57 demonstrate the differences in heterogeneous melanin bleaching that are
apparent when the base is changed from ammonia to sodium hydroxide. When
ammonia is used as a base, the colour of the bleaching solution changes from dark
brown to orangebrown, s the melanin is bleached. However, when sodium
hydroxide is used, the initial appearance of the bleaching solution is different.
Figure57 (a) shows lhat the melanin granules are not solubilised in the same way.
As a result, the solution appears slightly lighter in colour initially. Despite this, after
12 hours of bleaching, the solution is still ddmown, demonstrating that NaOH is
not as effective & ammonia in heterogeneous bleaching systems. Ammonia could
potentially interfere with hydrogen bonding within melanin and allow faster

oxidation, resulting in the differences that are observed.
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Figure56: Heterogeneous melanin bleaching (400 mMsNHmMg mi* Sepiamelanin
& 1.63 M HO, at pH 10 & 20 °C) at (a) 0 hours and (b) 12 hours

Figure 57: Heterogeneous melanin bleaching (400 mM NaOH, 2 m{§ Sepia
melanin & 1.63 M b0, at pH 10 & 20 °C) at (a) 0 hours and (b) 12 hours

These physical factors make ammonia a suitable base for hair bleaching
formulations. However, in order to establish whether or not ammonia also plays a
role in the chemistry of melan bleaching, it was decided to investigate the role of
ammonia in homogeneous solutions. Diffusion of the oxidants and the solubilisation
of melanin will not affect the rates of bleaching in homogeneous solutions. Any
differences in the rate of bleachirtigat are observed when the base is changed can

therefore be attributed to differences in chemistry.

In order to determine the role of ammonia, homogeneous bleaching systems were
set up that used NaOH buffered to pH 10, instead of ammonia. The rate ofimelan
oxidation was then compared to the systems that contained ammonia. The kinetics
of bleaching for the systems containing 20 mM base, (1.3 mM ligand), 0.18 mM
Cu(ll), 0.979 M ¥, and 0.06 mg nmit SepiaMFA at pH 10 & 20 °Care shown in
Figureb8.
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Figure58: Graph to show the differences 8epiaMFA bleaching on varying the
base for the following systems: 20 mM base, (1.3 mM ligand), 0.18 mM Cu(ll), 0.979
M H,O, and 0.06 mg mitSepiaMFA at pH 10 & 20 °C.

It is evident that the general trend in oxidation is similar, regardless of the base that
is used to generate the perhydroxyl anions. When EDTA is used as a ligand there
arises a negligible hydroxyl radical flux in both;ldHd NaOH system&igure59)

and the rate of melanin bleaching is similar for both systems. This indicates that in
soluble melanin bleaching, the type of base does not play an important role at 20
°C.

There are some slight differences in the rate of oxidation in the casleeoligand

free systems. These differences are recognised by observing the hydroxyl radical
flux in these systems, as shown kiigure59. It is clea that there is a greater
hydroxyl radical concentration produced in the NaOH system by 10 minutes
reaction time, so it is logical that more bleaching should have occurred by this time
point. After this point bleaching is nearly complete, so any coloriinatifferences

between the systems are relatively minor.
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Figure59: Graph to show the effect of base on hydroxyl radical production for the
following systems: 20 mM base, (1.3 mM ligand), 0.18 mM Cu(ll), 0.97@jaktl
1 mMNPDPA at pH 10 & 20 °C.

Overall, the effect on soluble melanin bleaching of changing the base is minor. The
only differences that are observed are when the base results in a change in the flux

of hydroxyl radical. This suggests that these results depenth® concentration of

base that was used. This also suggests that the role of the base in hair bleaching is
purely a physical one, in that it allows oxidants such as the perhydroxyl anion to

diffuse into the hair cortex, where melanin is situated and bleag can occur.
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2.4 Conclusions

The primary purpose of the work that was described in this chapter was to unravel
the roles of hydroxyl radicals and perhydroxyl anions in the chemistry of melanin
bleaching and the consequences. This was achieved by studying the bleaching of
soluble SepiaMFAbased compositions by WWs spectroscopy at 20 °C. These
model formulations provided mechanistic insights into the bleaching of hair from an
Asian demographic, due to the comparable eumelanin content ofShpiaMFA

and black hair. These more solaldompositions resulted in environments where
the diffusion of oxidants into hair fibres was not a factor that influenced the rate of
melanin bleaching. This meant the effect of individual oxidants on the chemistry of
bleaching could be directly observeldowever, the fact that there is no diffusion
needs to be taken into account when comparing bleaching in these model
formulations to commercial ones. During the bleaching of whole hair fibres
diffusion of oxidants into the hair cortex will influence theeatf bleaching, as well

as the role that each oxidant might play in the process.

Importantly, there was evidence to show a relatively high rate of melanin bleaching
occurs in systems where a high level of hydroxyl radical flux was observed, due to

extensie hydrogen peroxide decomposition.

When formulations that contained chelants, such as EDTA, were studied, the metal
ion was shown to bind effectively, less melanin bleaching being observed. For these
compositions, more bleaching was observed at pH 10 thater neutral pH due to

the greater concentration of perhydroxyl anion. This provided novel evidence for
the role that the perhydroxyl anion plays in melanin bleaching, as has been

hypothesised in the literatuf&.

Bleaching in the liganftee systens occurred more rapidly at pH 7. This effect could
be attributed to the fact that there is a greater hydroxyl radical flux in the ligand
free system, at pH 7. This also implies that there is a mechanism for soluble melanin
bleaching that does not involvéné perhydroxyl anion, (outlined iRigure54 and

Figureb5).
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The timedelayed chelation of metal ions, using EDTA, during melanin bleaching
revealed that prereatment of the melanin with hydroxyl radicals increased the
rate of oxidation by the perhydroxyl anion, when compared with equivalent

formulations that were not prereated with hydroxyl radicals.

The UWis spectra of the liganttee bleaching formulations showed that the
absorbance at approximately 400 nm remained relatively high compared to the
absorbance obtained with other formulation$his may occur as a result of the
greater hydroxyl radical flux, leading to a build of o-quinone units in the melanin.
These units may then be oxidised by perhydroxyl anions, which would provide
further evidence for the mechanism shownkigure31. It may be possible to use IR
studies to confirm the greater concentration ofquinone units in the ligandéree
systems to confirm that the mechanism okidation proposed by Korytowski is

correct, at alkaline pH.

In addition to this work, ammonia was determined to have no significant effect on
the chemistry of soluble melanin bleaching, despite having been shown to be
important for heterogeneous melanin édching compositiorf& This is further
evidence to suggest that the role of ammonia in hair bleaching is purely a physical
one, in that it assists the diffusion of oxidants into hair fibeesl helps in the

bleaching of heterogeneous melanin.
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Chapter 3 z A comparison of monoethanolamine -based and

ammonia -based hair bleaching systems

3.1 z Introduction

Bleaching formulations that contain MEA show three major differences to those
that use ammonia. The main problem is thatreased damage to hair fibres is
observed when MEA formulations are u§&dThe second is that ME#ased
formulations have a lower bleaching potential than systems that use amrfonia
Finally increased foaming is observed when MEA formulations are applied. It is not

clear if this may in some way be responsible for either of the first two observations.

Chapter 1 discusses the possible physical and chemical causes of the differences
that are doserved when MEA is used in both the bleaching formulations and the
dyeing formulations. This chapter relates to the potential factors that could cause

the differences observed in bleaching formulations that contain MEA.

3.2 Aims

The primary aim of the wrk that underpins this chapter was to establish whether
or not any of the chemical factors discussed in chapter 1 might be responsible for
differences seen in hair bleaching when ammonia is replaced with ethanolamine in
bleaching formulations. The magnate of these differences is also important, as it
could indicate whether or not physical factors contribute to these variations in

melanin bleaching and hair damage.

As discussed opage?21, hair damage can occur as a result of protein oxidation by
hydroxyl radicals. However, the information given in chapter 2 shows that greater
amounts of hydroxyl radical can also result in more @ffee melanin bleaching. In

order to approximate the relative amounts of hydroxyl radicals produced in
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systems, the decomposition of hydrogen peroxide can be monitored. Additionally, a
colorimetric probe can be used to estimate directly the relative hydroadical

amounts.

When the base in commercial bleaching formulations is altered, the diffusion rates
of hydrogen peroxide into hair fibres will vary, as a result of changes in hair fibre
swelling and surface tension (discussed in chapté? ¥ > Hair swelling and
surface tension are affected by factors such as pH, temperature, solvent polarity
and relative air humidity. Thisould affect the rate of peroxide decomposition due

to the ions of endogenous metals. Thus, the extent of melanin bleaching that occurs

would vary.

Therefore, in addition to monitoring the occurrence of hydrogen peroxide
decomposition, in solutions containg whole hair fibres, it was also decided that a
study of various types of replica bleaching formulations to remove the problem of
varying peroxide diffusion rates. Firstly, model aqueous formulations that were
designed to represent the environment idsi hair fibres were studied. By using
homogeneous systems, diffusion rates of peroxide species into hair fibres are no
longer a factor. Any differences in the rate of decomposition in these compositions
should therefore be a direct result of changes in ttemistry, when the base is
altered. Attempts were made to identify and to explain these changes in chemistry
in model hair bleaching solutions, which represent the internal environment of hair

fibres.

The rate of bleaching in soluble melanin solutiomsitaining MEA and ammonia
was also directly investigated. As with the homogeneous model peroxide
decomposition formulations, there were no problems associated with diffusion.
Therefore, any differences in the rate of melanin bleaching would be a result of
changes in the chemistry that arises when the base is altered. As solubilisation of
melanin granules is a prerequisite to bleaching, heterogeneous melanin bleaching
was also studied in order to determine whether or not the extent of solubilisation is

affeded by the change in base.
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Peroxide decomposition was then also studied in solutions containing pulverised
hair. This adds to the complexity of the model systems, by representing a more
realistic environment of the hair fibre cortex. Hydrogen peroxideodegosition in
these compositions may be affected by the presence of heterogeneous melanin and
the presence of hair fibre keratins, which are made accessible to bleaching solutions
by pulverisation. However, endogenous metal ions are now also readily dieess

to the bleaching solutions. Therefore once again, the diffusion rates of the peroxide
will not affect the rate of decomposition. Any differences in peroxide
decomposition, in these more realistic conditions, can be attributed to changes in
chemistry vhen the base is altered. Any differences between these more
representative compositions and the homogeneous model systems will also be
highlighted.

By studying all these compositions, the presence of either MEA or ammonia, it
was hoped to identify andot explain any differences in the chemistry of hair
bleaching. Additionally, further information may be provided on the role of base in
hair fibre swelling and melanin solubilisation, by studying the bleaching of

heterogeneous melanin granules.

3.3 Results & Discussion

3.3.1 The bleaching of whole hair fibres

According to the literature, when ammonia is substituted for MEA in hair bleaching
formulations different extents of hair damage and bleaching are observed. Up to
85% more protein loss (damage) frdrair fibres has been observed, by protein loss
studies, for 0.82 M MEA formulations than with the equivalent;,®&H based
formulations”. This difference in hair damage was observed for compositions

containing 6% b0, that were used to bleach hair for 30 minutes at 30 °C. It is also
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generally accepted that primary amines, such as ethanolamine, result in a lower

bleaching potential than ammonia.

As discussed in chapter 1, reactive oxygen species (ROS) from the decomposition of
hydrogen peroxide can cause hair fibre damage. Therefore, initially it was decided
to monitor the extent of hydrogen peroxide decomposition, itigy the bleaching of
whole hair fibres. It was thought that if the relative levels of ROS produced in the
presence of either MEA or ammonia varied, this could explain the decreased levels

of melanin bleaching in MEA systems.

In order to indirectly determmie the levels of ROS produced, the volume of oxygen
evolved from hydrogen peroxide decomposition can be monitored, as described in
chapters 2 and 7. Oxygen production was therefore measured for bleaching systems
containing 400 mM base, 2.5 mg fivhole har fibres and 0.979 M 4@, at pH 10.

The concentrations of base and hydrogen peroxide were chosen to reflect the
concentrations that are found in typical level 3 hair colouring formulafforishe

base used was either MEA @ammonia to determine the effect of base on hydrogen
peroxide decomposition. The whole hair fibres that were used were either dosed
with copper ions (218.1 ppm Cu(ll)) or only contained natural levels of copper ions
(23.0 ppm Cu(ll)). This was in order ®tatmine whether or not the concentration

of copper atoms present on hair fibres affects the hydrogen peroxide

decomposition when the base is varied.

The relative extents of hydrogen peroxide decomposition are shovidigare60. It

is immediately obvious that the systems with greater concentrations of copper ions
result in much more oxygen evolution, as is expected for Felikensystems. In
addition to this, the rate of decomposition in these systems is greater when
ammonia is used than when MEA is used. This suggests that at greater copper
concentrations there is more extensive hydrogen peroxide decomposition in

ammoniacontaining formulations and e more melanin bleaching could occur.
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Figure60: The relative rates of hydrogen peroxide decomposition due to whole hair
fibres dosed with copper ions for the following systems: (400 mM base, 2.5 Thg mL
whole hair fibres and 0.979 &, at pH 10 & 20 °C)

When the whole hair fibres are not dosed with added copper ions, i.e. the copper
ion concentration is representative of typical bleaching environments; the extent of
oxygen evolution is greater in tHdEA system, suggesting more melanin bleaching
by ROS. However, this is not the case in real formulations. Primary amines generally
result in less hair bleaching than does ammonia. Commercial formulations tend to
include more ingredients than just base ahygdrogen peroxide. This may explain
any differences in peroxide decomposition between these whole hair model
bleaching solutions and commercial formulations. Components such as chelating
ligands need to be taken into account, as this will minimise thergxaé hydrogen
peroxide decomposition that is observed. In commercial formulations, radical
scavengers also need to be considered as they will prevent radical mediated hair
damage. For the purposes of this study, the relative rates of hydrogen peroxide
decomposition were monitored as an indicator for differences that may arise in the

chemistry of model formulations when the base is changed.
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As discussed on pad®4, the diffusion of hydrogen peroxide into hair fibres occurs
at different rates when the base is altered. This will affect the rate of its
decomposition by endogenous metals. If any chemical reasons for differences in
peroxide decomposition (and thus melaniileaching) are to be identified, then
model systems need to be developed to remove diffusion as a factor that interferes
with the decomposition rates of the peroxide. The conditions would also need to be
varied to investigate more complex solutions, whictlude chelating ligands. It was
thus decided to monitor hydrogen peroxide decomposition in various homogeneous
systems where the base is varied from ammonia to MEA, in order to indirectly
observe the relative amounts of ROS that are produced by mongdhe hydrogen
peroxide decomposition. It was considered to be important to keep the
temperature constant at 20 °C during the reaction, as varying temperatures affect

the rate of the decomposition.

3.3.2 Hydrogen peroxide decomposition in model aqueous s ystems

Aqueous model systems were setup to replicate the conditions found inside hair
fibres during hair bleaching. The extent of hydrogen peroxide decomposition was
therefore monitored for reactions with the general conditions, 20/400 mM base,
(1.3 mMligand), 0.18 mM metal salt, 0.979 M®4 at pH 10 & 20 °C. Components
were added to the reaction vessel in the order that they are listed. They were mixed
thoroughly throughout the reaction, using a stirrer hotplate. This also allowed for

the control of he temperature at 20 °C.

Chapter 1 states how chelating ligands are used in hair bleaching formulations in
order to minimise the extent of hydrogen peroxide decomposition that is observed.
Therefore, hydrogen peroxide decomposition was measured for systérats
contain various ligands, as well as ligdree systems, to determine whether or not

a change in base resulted in different behaviour in any of these systems.
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The metal ions used were either copper ions or iron ions, as these are the two most
abundart metals in hair that can catalyse hydrogen peroxide decomposition. The
concentrations of metal ions that are used are an approximation of the natural
levels found in hair fibres of an Asian demographic, more specifically Jap4o0

mM base was used, as this is typical of the concentnatised in level 3 colouring
formulations”. However, this was varied to 20 mM to observe the effect that the

concentration of base has on hydrogen peroxide decomposition.

The extent of iron(lll) catalysed hydrogen peroxidecataposition, after 120
minutes can be seeiable8. Interestingly, the presence of chelating ligands does
not necessarily inhibit the decomposition bfydrogen peroxide. There was no
significant change in the level of decomposition when EDTA was added to a
composition. Furthermore, when EDDS was added, the breakdown of hydrogen

peroxide actually accelerated.

These changes in decomposition can be erpliby a number of factors. In ligand
free formulations, the precipitation of iron atoms at high pH leads to a
heterogeneous system, which can result in low rates of hydrogen peroxide
decomposition. The addition of some chelants prevents this by soluabiligie
metal ions. Additionally, it has been shown that hydrogen peroxide can still bind to
Fe(IIEDTA complexes, resulting in an increased rate of peroxide breakfown
The increased rate of decomposition in the EDDS system can be attributed to a
change in the redox potential of the metal complex, which increases the rate of
Fe(IINEDDS reduction to Fe(EDDS by superoxide anidffslt is also obvious that
there are no substantialifferences in the extent of iron atom catalysed hydrogen

peroxide decompositionyhen the base is varied from ammonia to MEA.
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Ligand | 20mM MEA| 20mM NH3
None 5.0% 5.0%
EDTA 4.5% 4.5%
EDDS 10% 9.0%
HEDP 1.1% 0.4%
DTPMP 0.4% 0.7%

Chapter 3

Table8: The extent of hydrogen peroxide decomposition after 2 hours for the
general reaction, 20 mM base, (1.3 mM ligand), 0.18 mM Fe(lll) and 0.9%29M H
at pH 10 & 20 °C.

Cu(ll) systems were similarly studied, as Cu(ll) ions are abumdehair fibres,

which can lead to peroxide decomposition. The extent of Cegtglysed hydrogen

peroxide decomposition after 120 minutes of reaction is shownTable 9.

Generally, the greater the concentration of base the more hydrogen peroxide

decomposition is observed, the reasoning behind this is explained in further detail

onpagell3
Ligand | 20 mM MEA| 20 MM NH | 400 mM MEA| 400 mM NH
None 4.5% 4.5% 70% 100%
EDTA 0.1% 0.06% 0.04%
EDDS 0.1% 0.8% 2.0% 1.87%
HEDP 8.0% 30% 40% 90%
DTPMP 0.1% 0.05% 0.8% 0.06%

Table9: The extent of hydrogen peroxide decomposition after 2 hours for the
general reaction, 20/400 mM base, (1.3 mM ligand), 0.18 mM Cu(ll) and 0.979 M
H,O, at pH 10 & 20 °C.
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Unlike the iron(lll) compositions, major differences exidineen some of the MEA
compositions and the equivalent Nldompositions when copper ions are used to
catalyse a Fentofike reaction. These compositions are highlightedTable 9.

When 20 mM base was used, the HEDP system was the only case where
decomposition varied on changing the base. When the concentration of base was
increased to 400 mM, differences became apparent in the ligagel system, in
addtion to the HEDP one. The causes for the differences in these particular model

systems are discussed further from padiS.

In addition to measuring the rates of hydrogeeroxide decomposition in these
agueous formulations, the hydroxyl radical production was monitored for these
systems. This enabled the direct detection of one of the ROS that is responsible for

melanin bleaching.

In order to observe the hydroxyl radiddlix in these formulations, the colorimetric
probe NPDPA was used, as described in chapter 2. The general reaction conditions
used were 20 mM base, (1.3 mM ligand), 0.18 mM Cu(ll), and 0.9780MaHpH

10 & 20 °C, with the addition of 1 mM NPDPA. libndystems could not be
monitored due to problems with the solubility of iron atoms. Additionally, when the
concentration of base was raised to 400 mM, the electronic spectra from some

formulations became convoluted, as discussegagel35.

The absorbance at 430 nm, due to the hydroxylated probe hNPDPA, was monitored
over 2 hours to determine the relative amounts of hydroxyl radical produced over
the course 6 the reaction. The rate of hydroxyl radical production is shown for

20mM MEAbased compositions with ligands and without ligandEioure 61.
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Figure 61 The level of hydroxyl radical flux in bleaching systems containing 20 mM
MEA, (1.3 mM ligand), 0.18 mM Cu(ll), 0.979 M}t&nd 1 mM NPDPA at pH 10 &
20 °C.

As expected, for the liganilee and the HEDP formulations, wieemore extensive
hydrogen peroxide decomposition occurs, the amount of hydroxyl radicals that are
produced is also greater. Generally, the ligamhtaining systems result in
negligible hydroxyl radical formation with the exception of the HEDP systemisThis

explained fronpagel19.

It is also evident that for the HEEAsed formulation there is a decline in the
absorbance that would be due to hydroxylated NPDPA (hNPDP&) 28ftminutes
reaction. This is possibly due to the large concentration of hydroxyl radicals,
resulting in the degradation of the probe. This does not appear to be a problem for

systems that produce a small amount of the radical.

If the strength of the hyrbxyl radical flux is compared with the equivalent 20 mM
NH; systems Figure45), it can be seen that similar amounts of hydroxyl radical are

produced. However, the HIEP system does produce substantially more hydroxyl
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radicalswhen ammonia is used, though this was expected due to the much more

extensive decomposition that occurs in such formulatioreb{e9).

Despite observing a similar extent of peroxide decomposition for the lideeed
systems, when 20 mM base was used, there appears to have been a greater
hydroxyl radical flux in the MEBased formulations. The change in the absorbance
due to hNPDPA, over20 minutes, is 0.25 for the ammonrntaining formulation

and 0.51 for the ME&ontaining formulation. This could be because the MEA
influences the pathway by which hydrogen peroxide is decomposed and the system
could produce a greater concentration ofdieals as a result. This could potentially

be a reason for the increased amount of hair damage that was observed iR MEA
containing formulations. However, a greater concentration of base and of chelating

ligands is used in commercial formulations.

These rsults give a partial overview of the appropriate peroxide decomposition
and radical formation for various model bleaching systems. It has been shown,
within the limited range studied, that differences only exist when strong ligands are
not used in solution. This mimics the situation that arises during the bleaching of
whole hair fibres. However, it was necessary to establish in more detail why
differences existed in the behaviour of formulations that did not contain strong
ligands, when MEA was used asasé The approach was designed to provide more
evidence for the role that chemistry plays in varying bleaching potentials when the

base is altered.

3.3.3 The chemistry behind the differences observed in hydrogen peroxide

decomposition

Table9 indicates that both the liganétee and HEDP formulations show differences
in behaviour when the concentration of the base is raised to 400 mM. As discussed
on page 106, this represents a typical concentration of base found in level 3

colouring formulations. Figure 62 shows the rate of hydrogen peroxide
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decomposition in the liganftee systems for reactions containing 400 mM base,
0.18 mM Cu(ll) and 0.979 M,® at pH 10 & 20 °C. It can be seen that for the
ammoniabased formulation tke decomposition is complete within 5 minutes,
whereas a much lower rate of hydrogen peroxide decomposition is evident in the
MEA formulation. The different metal complexes present in these ligeewl
solutions can explain why this disparity exists whea blase is changed. In contrast

to the 20 mM base systems, the speciation curveBigure63 and Figure64 show

that the base becomes an important ligand when the concentration is increased to
400 mM.
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Figure62: The relative rates of hydrogen peroxide decompositioriferfollowing

compositions: (400 mM base, 0.18 mM Cu(ll) and 0.979®4 & pH 10 &20 °C)
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Figure63: The speciation plot for 400 mM jJH.18 mM Cu(ll) and 0.979 M®4 at
pH 10.

Cu(OH)z?
CuO

Cu(MEA);2*

Cu(MEA),2*

CuMEA?*

Fraction
o o o o
N w = w

o
S

Figure64: The speaition plot for 400 mM MEA, 0.18 mM Cu(ll) and 0.979 f It
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The speciation curves for the ammosbased formulation predict that the main
complexes present in solution at pH 10 are [CuH and [Cu(NBOHT, in
addition to a small proportionof [Cu(NH)s]**. In the MEAbased formulation
[Cu(MEAJ** and [Cu(MEA)** become the prevalent species. This could explain the
differences in hydrogen peroxide decomposition that were observed when the base
was altered, as the change in ligands wilealthe redox potentials of the metal
atom centres. For example, the hfdased complexes may have redox potentials
that are in the centre of the effective redox window for the Fentike reaction {
0.33¢ 0.46 '), theoretically allowing the rapid redox cycling of the copper atoms
between+1 and +2 oxidation states. It is important to note that redox potentials
provide information concerning the feasibility of reactions. The rates of reaction
cannot be deduced from redox potentials. Rates of hydrogen peroxide
decomposition are more likelytbe influenced by the ability of hydrogen peroxide

or perhydroxyl anion to coordinate to the metal atom centre.

When the base is changed, the redox potentials of the MEA complexes may lie

Oft 2aSNJ G2 GKS SR3IS 2F GKAA NBIRG®e ot 6 A Yy R2
either the oxidation or reduction of the metal centre, which in turn may lead to a
decrease in the rate of the steps of peroxide decomposition showeadions 15

on page 17, the slowest of which becomes ratietermining. Alternatively,

hydrogen peroxide or the perhydroxyl anion may not coordinate as easily to the

metal atom centre, when the ligani$ bidentate, as is MEA, thus decreasing the

rate at which it is broken down.

In addition to the difference observed in the ligafrde environment, there is also a
substantial difference in peroxide decomposition for the HEDP system, when the
base is changed from ammonia to MEA, for mixtures that contath 860 and 20

mM base. For the general reaction containing 400 mM base, 1.3 mM HEDP, 0.18
mM Cu(ll) and 0.979 M.B, at pH 10 & 20 °C, the difference in the rate of
decomposition on altering the base can be seeRigure65. Similarly to the ligand

free solutions, it is the system that contains ammonia that results in a higher rate of

peroxide decomposition. The types of complex that are present iatisal can
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again explain this observation. The speciation plots for the HEDP systems in the

presence of 400 mM base are showrFigure66 and Figure67.
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Figure65: The relative rates of hydrogen peroxide decomposition for the following
systems: (400 mM base, 1.3 mM HE@RZ mM Cu(ll) and 0.979 M® at pH 10 &
20 °C). Thanks to Kazim Nagvi for allowing the use of the ammonia data in this

figure.
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Figure66: The speciation plot for 400 mM BH.3 mM HEDP, 0.18 mM Cu(ll) and
0.979 M HO; at pH 10.
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Figure67: The speciation plot for 400 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(ll) and
0.979 M HO; at pH 10.
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At pH 10, the types and relative amounts of complexes that are present in both the
MEA and ammonia solutions arenglar for both the liganeree and HEDP systems.
This explains the similar trend in peroxide decomposition for the two systems.
However, it does not explain why the overall rates of hydrogen peroxide
decomposition are lower for the HEDP systems comparé&tl the ligandfree
systems, if the same complexes are present. This difference in rate may be due to
the fact that HEDP is susceptible to extensive degradation under these conditions,
as discussed opagel125. As a result oxygen could react with any organic radicals
that are formed during this degradation, as shown in reaction 13. Oxygen
consumption by the potential degradation of MEA is also a possibility, as outlined
on pagel32 This could lead to a reduction in the volume of oxygen that is
measured. However, at the end of decomposition reactions volumetric titrations
were usedto determine the concentration of remaining hydrogen peroxide in
solution (details of the titrations are shown in chapter 7). In this way it was shown
that reaction 13 does not contribute significantly to oxygen consumption. A
negligible oxygen consumptiocan be expected due to the low extents of MEA
degradation and the relatively small concentration of HEDP compared to the

concentration of base, as shownhigure75.

R+ QA ROO (13)

Phosphate ions are known to cause the precipitation of soluble metal ions. Thus,
the metal ions are not free to cause the metatalysed decomposition of hydrogen
peroxide. A high enough concentration of phosphatens could also lead to the
formation of stable complexes with metal idi% *® It is therefore possible that
HEDP may degrade to form phosphate ions that would prewamnyt resulting

decomposition. This possibility is discussed further on d&ge

When 20 mM base is used there is also a large difference in both the extent and

rate of hydrogen peroxide decomposition in solutions that contain HEDP, as can be
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seen from Figure 68. The solution that contains ammonia shows a rapid
acceleration in the rate of decomposition for the first 20 minutes of the reaction, at
which point no more oxygen is evolved. In contrast, the MEA system provides a

much steadier rate of peroxide decomposition over the course of 2 hours.
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Figure68: The relative rates of hydrogen peroxide decomposition for the following
systems: (20 mM base, 1.3 mM HEDP, 0.18 mM Cu(ll) and 0.97@,MtiH 10 &
20 °C).Thanks to Kazim Nagvi for allowing the use of the ammonia data in this

figure.
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Figure69: The speciation plot for 20 mM RHL..3 mM HEDP, 0.18 mM Cu(ll) and
0.979 M HO; at pH 10.
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Figure70: The speciation plot for 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(ll) and
0.979 M HO; at pH 10.
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It is difficult to identify why there is such a difference in the peroxide decomposition
between the MEA and NHbkystems by simply looking at the speciation plots in
Figure 69 and Figure 70. The ratio of CuO, [Cu(HEDP)(&Hjhd [Cu(HEDP)]
complexes is predicted to be similar in both MEA and; Biblutions. Whilst the
speciation curves provide a rough estimation of the complexes present,
undiscovered complexes may exist in the system that cannot be predicted.
Additionally, when CuO is formethe compositions become much more complex,
because heterogeneous materials may be capped by ligands or by base. These
factors could potentially explain the differences observed between the
formulations. However, it has been shown that HEDP degradeseiratihmonia
system, resulting in the formation of basic Cu(ll) phosphate/carbonate
nanoparticle$”®. These nanoparticles appear to inhibit peroxide decomposition,
explaining the plateau in the rate of oxygen evolution for the ammdmaised
compasition'™. There is no evidence for the formation of these nanoparticles in the
MEA composition, which could also explain the differing rate of peroxide
decomposition that is observed. Furthermore, when the pH of both the ammonia
solution andthe MEA solution is monitored over the course of the reactieigire

71), the underlying reason for this difference in behaviour becomes clear.

The H of both the 20 mM MEA and the ammonia buffer solutions was recorded as
the individual components that make up the model system were added. On the
addition of 1.3 mM HEDP, 0.18 mM Cu(ll) and 0.979,® the pH decreases from

10 to roughly 9. The pH wasomtored throughout the course of the reactions.
Figure71 shows that there is no substantial change in the pH during the reaction in
the presence oammonia. However, the pH in the solution containing MEA drops
below pH 7 after approximately 30 minutes. The reason for this pH drop is discussed

from pagel25onwards.

The change in pH when MEA is used may explain why there are differences in the
rate of peroxide decomposition for the HEDP systems. As the pH decreases, the
proportion of [Cu(HEDP)land [Cu(HEDPH¥pmplexes that are present in the MEA

solutions will become greater than for the equivalent ammonia system. This change
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in the ratio of complexes present in solution is likely to affect the level of hydrogen

peroxide decomposition.
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Figure 71. pH profile during hydrogen peroxiddecomposition for systems
containing 20 mM base, 1.3 mM HEDP, 0.18 mM Cu(ll) and 0.9%29MtHpH 10 &
20 °C.

In summary, when the base is changed in aqueous model bleaching systems, the
major differences in hydrogen peroxide decomposition and hydragical
production are generally due to the presence of different complexes in solution.
This feature is observed for the ligafr@e formulations, where the base is present

at a great enough concentration to bind copper ions. Different complexes are also
present in the HEDP system as speciation plots show that HEDP is an ineffective
ligand at alkaline pH. Therefore, the base also plays a role in the types of complex
that are present in this system. However, in commercial formulations strong

chelating ligadsare used, such as EDTA or EDDS. By comparing the speciation plots
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in Figure20 and Figure72, it can be seen that the complexes that are formed in

these formulations are the same regardless of whether MEA or ammonia is used.

+ 2-
Cu? CUEDDS Cu(OH)EDDS*
09 -

o
0o

CuHEDDS

Fraction
=} I IS}
(9] [e)] ~
Il Il Il

©
F=
1

CuH,EDDS

i

©
w
1

o
N
1

0.1 -

pH

Figure72: Speciation ploto show the coppecomplexes formedn a model hair

system containing 400 mM MEA, 13.95 mM EDDS, 170 mia@h1.27 mM Cii®°

The pH decrease that is evident in solutions containing H&B&) 20 mM MEA is
used, also results in different complexes being formed compared with those
developed using the ammoniaased formulations. This leads to differences in the
extent of hydrogen peroxide decomposition. Although this concentration of base is
not representative of bleaching formulations, it led to the investigation of the
reason for the pH drop, as the observed chemistry may also be present in
formulations with a greater concentration of base. Two potential causes of the pH
drop were investigad. The first was the possibility of HEDP degradation, and the

second was the potential oxidation of MEA.
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3.3.4 HEDP degradation

The structure of HEDP is shownHFigure73. It is known that these phosphonates
can degrade under Fentdike conditions to produce carbonates and
phosphates’™® 8L It was therefore considered to be necessary to check th

concentration of HEDP over the course of the reaction.

H(? HO\ //o
HO OH

Figure73: The structure of HEDP

In order to monitor the HEDP concentration initially over the course of a bleaching
reaction, 'H NMR of HEDP in,® was used. Thishould give a singlet at
approximately 1.25 ppm, the intensity of which can be measured over the course of

the reaction, in order to determine the change in concentration of the ligand.

A composition containing 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(ll),\0.80,

at pH 10 & 20 °C was setup in Samples were taken at 0, 20, 60 and 120
minutes. Catalase was added to the sample to decompose hydrogen peroxide and
stop any further degradation of the ligand. 200 mM of dichloroacetic acid (DCA) was
added as arinternal standard. Catalase was centrifuged out of solution arfti a

NMR spectrum of the supernatant was acquired.

Figure74 shows the singlet at 1.25 ppm due to the methyl group of the HEDP, at a
reaction time of 0 minutes. This singlet appears to be very broad due to the
presence of Cu(ll). In the presence of gmaagnetic Cu(ll) protons will have a
substantially increased rate spinlattice relaxation via dipolar interaction® %,
This peak broadening affectsethintegration of peak areas significantly. However, it

is clear from the spectrum that the broad peak that was present at the beginning of
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the reaction had completely disappeared after 120 minutes. In fact the degradation

of HEDP was so rapid that it haohapletely reacted within 20 minutes, as the data

in Figure75show.
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Figure74: *H NMR spectrum of 20 mM MEA, 1.3 mM HEDE8 &M Cu(ll) and

0.979 M HO, for 0 minutes and for 120 minutes of reaction time.
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Figure75: Normalised concentration of MEA and HEDP during the reaction of 20
mM MEA, 1.3 mM HEDP, 0.18 mM Cu(ll) and 0,97904 H

In additionto the NMR study, which shows that the HEDP completely degraded
within the first twenty minutes of the reaction, an analysis of phosphate loadings

during the reaction also confirmed the degradation of HEDP in a similar time frame.

Phosphate ion analysisas carried out using a combined molybdenum reagent and
U\Lvis spectroscopy, as described in chapter 7. Using this reagent, a molybdenum
blue complex is formed in the presence of phosphate. A typical spectrum, showing
the absorbance at 882am, which forms as a result of this complex,shown in
Figure76. This absorbance was used to determine the concentration of phosphate

ions produced during the degraton of HEDP, in the presence of MEA.
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Figure76: UV spectrum of the molybdenum blue complex, showing the peak at 882

nm that is used for phosphate analysis.

A solution consisting of 20 mM MEA, 1.3 mM HEDP, 0.18 mM Cu(ll).@#i @

H.O,, at pH 10, was set up and samples were taken at 0, 20, 60 and 120 minutes.
Catalase was added to decompose the hydrogen peroxide, preventing further HEDP
degradation. Samples were then treated with the combined molybdenum reagent.
The absorbare at 882 nm was studied by LINS spectroscopy, after 15 minutes. A
calibration curve was then used to determine the concentration of phosphate ions
at each time point. The results are shown kigure77. These can be and are
compared to the concentration of phosphate ions in the corresponding 20 mi NH
system, containing 1.3 mM HEDP, 0.18 mM Cu(ll), 0.979atpH 10 & 20 °C.
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Figure 77. The production of phosphate, as a result of HEDP degradation, for
formulations containing 20 mM base, 1.3 mM HEDP, 0.18 mM Cu(ll) and 0.979 M
H,O, at pH 10 & 20 °Clhanks to Kazim Naqvi for allowing the use of the ammonia

data in this figure.

If 1.3 mM HEDP fully degrades into phosphate ions with a yield of 100%, the
expected concentration of phosphate ions produced would be 2.6 mM (246.92
ppm). It is evident fronkigure77 that the majority of the HEDP is degraded within

the 30 minutes of reaction commencement when MEA is used. In the ammonia
based compositionhte rate at which HEDP is degraded is much greater, most of the
HEDP having been degraded within 15 minutes. However, after 40 minutes the
extents of phosphate production due to HEDP degradation are similar in both the
ammoniabased composition and the MHBE#ased composition. However, it is only

in the MEA system that a pH decrease is observed. Therefore, despite the
degradation of HEDP to form phosphate ions, there must be another reason for the

pH decrease in the MEA system when HEDP is used as a ligand.
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When determining the concentration of HEDP during the Fedilaa reaction, by
NMR, it was also possible to estimate the concentration of MEA over the course of
the reaction.Figure75 shows the fall in concentration of MEA at the same time as
the HEDP is degraded. It was thought that degradation of the base could potentially

cause the decline in pH that was observed in this system.

3.3.5 MEA degradation in the HEDP system

MEA degradation was initially suspected due to a decrease in the intensi@bf
signals in the'H NMR spectra, from the reaction of 20 mM MEA, 1.3 mM HEDP,
0.18 mM Cu(ll) and 0.979 M® at pH 10 & 20 °G~{gure78).
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Figure78: *H NMR specérof the cCH peaks of MEA.

The NMR data ifrigure 75 show that approximately 30% of MEA was degraded
under Fentorlike conditions after 2 hours. The presence of paramagnetic Cu(ll) in
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this reaction has an interesting effect on the shape ofttif@ets that correspond to

the ¢CH protons of MEA. At the start of the reaction, before HEDP is degraded, the
splitting of the triplets can be clearly seen. However, by 20 minutes the peaks
become broadened and the chemical shift changes. As mentionedage 125,

peak broadening occurs due to the decreased relaxation time of the protons in the
presence of paramagnetic material. The metal also can cause a chantpe i
chemical shifts of thegCH peaks, possibly by shielding the proton nuclei. It is
however unclear why these effects emerge after HEDP is degraded. The emergence
may be due to the change of the copper ion environment after the ligand is broken
down. h ligandfree systems, for this concentration of MEA, copper is thought to
exist as CuO. However, this does not exclude the possibility that Cu(ll) may actually
bind to the base and cause the broadening @@h peaks. The formation of
phosphate ions in tlsi system also complicates matters, as they may bind to Cu(ll)

or cause precipitation of the metal, which could also affect the NMR spectra.

Due to the effect of these paramagnetic centres, there is uncertainty over how
reliable this quantification of MEAod$s is, over the course of the reaction.
Nevertheless, these results appear to indicate that degradation is a possibility. In
addition to this interpretation, a singlet at approximately 8.2 ppm is present in
these '"H NMR spectra, which suggests the prodgrctof formic acid during this
reaction. There is evidence in the literature for the formation of several acids,
including formic acid, due to the oxidation of ME&A providing further evidence for

the degradation of MEA under these conditions. The potential mechanism of formic
acid production from the degradation of MEA by single electron oxidants is shown

in Figure79'818¢
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Figure79: The possible mechanistic pathways of MEA degradation by single electron

oxidantg®: 186,

Single electrn oxidants such as the hydroxyl radical or transition metal cations may
lead to the oxidation of MEA to form the MEA radical cation, which is then
deprotonated and a carbon centred radical may result. This can then react with
oxygen to form the peroxyl dical, which can abstract a hydrogen atom from
another molecule of MEA to yield the aminoperoxide. Loss of hydrogen peroxide
then affords the imine. Hydrolysis of the imine by water, followed by the loss of
ammonia, leads to the formation of hydroxyacetahyde, the oxidation of which
gives glyoxal. Alternatively, radical mediated oxidative fragmentation of the imine
may occur, resulting in the production of ammonia and formaldehyde, which can be

further oxidised to formic acfd’.

CurTiPot software can be used to predict the pH of mixtures and to simulate
titrations, using concentrations and p¥alues of the component&. This approach

was used in order to determine whether or not the combined degradation of MEA
and HEDP could account for the pH drop observed in a system initially containing 20

mM MEA, 1.3 mM HEDP, 0.18h€u(ll) and 0.979 M-, at 20 °C

132



Chapter 3

During this reaction, HEDP has been shown to degrade completely to produce
phosphate species. It is worth noting that the organic fragment of the molecule may
potentially lead to the production of acetic acid, althoudhist organic material
could also be consumed during the formation of secondary MEA oxidation products.
Therefore, it is difficult to say with certainty whether or not there is a net
production of acetic acid due to HEDP degradation. The oxidation of MEA,
generating formic acid, is also a possibility. However, other acids may also be
produced as a result of degradation. Taking all of this into account, CurTiPot was
used to match the final pH of the reaction solution (6.72) to that of a theoretical
solution cantaining 8.83 mM MEA, 4.21 mM acetic acid (used to buffer MEA to pH
10), 0.18 mM Cu(ll), 2.26 mM phosphate and 1.4 mM formic acid. These conditions
assume that 30% of MEA has been degraded over the course of 2 hours, to produce
1.4 mM formic acid (the readoncentration of MEA at the beginning of the reaction
was determined to be 12.615 mM, after the base was buffered to pH 10 with acetic
acid and other reactants were added to the solution). It is also assumed that 100%
HEDP degrades to give 2.6 mM phosghand no additional acetic acid.
Additionally, a simulated titration curve of this theoretical final solution against 30

mM HCI can be matched closely to an experimental titration, as showigime80.
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First derivative of titration curve
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Figure 80: The experimental titrations and the predicted titrations of a 20 mL
solution of 8.83 mM MEA, 4.21 mM acetic acid, 0.18 mM Cu(ll) and 2.26 mM
phosphateand 1.4 mM formic acid against 30 mM HCI, as well as the equivalence

points of the titrations.

It can be seen that there is a good fit between the predicted and the experimental
titration curves when it is assumed 1.4 mM formic acid is produced as a w&sul
30% MEA degradation. An exact match of these predicted and experimental curves
is not seen because other acids, such as nitrous, oxalic and acetic acid that may be
produced from MEA oxidation, have not been quantified under these experimental

conditions.

In summary, it seems likely that the major reasons for the pH drop in the HEDP
system is the complete degradation of HEDP to form phosphate ions, as well as the
partial degradation of MEA to form formic acid. This would explain why the same

drop in pHis not observed in systems that contain ammoniag(re 71) or in

systems that do not contain HEDHgure81).
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Figure 81: The pH profile during hydrogen peroxide decomposition for systems
containing 20 mM MEA, (1.3 mM ligand), 0.18 mM Cu(ll) and 0.979ati20 °C.

To conclude, MEA degradation and HEDP degradation result in a significant
decrease in the pH, affecting hydrogen peroxide decomposition. However, for
bleaching systems that use other ligands, hydrogen peroxide decomposition is not
affected by the same phemeenon. Additionally, as most bleaching systems contain
at least 400 mM base they will have a much greater buffering capacity than the 20
mM compositions. Degradation of MEA would therefore not be expected to
contribute to a similar pH drop for these systemHowever, by varying the

conditions of MEA oxidation, the formation of different products becomes possible.

3.3.6 MEA degradation in the ligand -free formulations

The formation of an unknown product, potentially due to MEA degradation, was

observed ovethe course of a reaction composition containing 400 mM MEA, 0.18

mM Cu(ll) and 0.979 M-B, at pH 10 & 20 °C. This was indicated by an increasing
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absorbance at 365 nm, during the spectrophotometric detection of hydroxyl radical,
described ormpage 11l This increasing absorbance, showrfigure82, led to the

investigation of MEA degradation under these conditions.
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Figure82: The increasing absorbance at 365 nm observed during the reaction of 400

mM MEA, 018 mM Cu(ll) and 0.979 M@ at pH 10 & 20 °C.

Due to the complexity of the NMR spectra and the presence of paramagnetic Cu(ll),
which further convolutes NMR spectra, it was decided to investigate the formation

of any potential products of MEA degradatiby gas chromatography (GC).

A mixture containing 400 mM MEA, 0.18 mM Cu(ll) and 0.979®™ Was reacted
for 120 minutes. The reaction was stopped after 120 minutes, using catalase.
Glycerol was added to the sample as an internal standard and the satalas
centrifuged out. The supernatant was injected for GC analysis using the method

described in chapter 7. The chromatogram obtained is shovigare83.
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Figure83: Chromatogram of a solution of 400 mM MEA, 0.18 mM Cu(ll), 0.979 M
HOs.

Retention time | Peak identity
0.940 Methanol
1.153 Acetic acid
1.710 MEA
4.350 Glycerol
6.022 Unknown

Tablel0: Retention times and peak identities for the chromatogram shoviaigare
83.

All the peaks depicted iRigure83 were identified by their retention time, except

for the peak at 6.022 minutes. In order to identify this peak;-EbQvas used to
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obtain a mass spectrum of the mpound. The acquired mass spectrum is shown in
Figure84.
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Figure84: Mass spectrum (El) of the peak at 6.022 minutes

A molecular ion peak is evident at 112.0621, which suggests the compound has a
molecular formula of §4gN,O. This could correspond to the structure shown in
Figure85. This compound\-(2-hydroxyethyl) imidazol¢HEI), is also suggested as a
product of MEA degradation in the literatuf&

OH

)
2

C\

Figure85: The proposed structure of the peak at 6.022 minutésgnre83.

The formation of HEI can potentially occur by the mechanism shoWwigime86'%*

186 189 nitially, MEA is broken down into glyoxal, formaldehyde and ammonia by

the mechanism given iRigure79. MEA can then react with formaldehyde and, with
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the loss of water, form -hydroxyethylisocyanide. Alongside this, the reaction of
ammonia with glyoxal forms -Bninoacetaldehyde, after the Ilgs of water.
Cyclisation of 2hydroxyethylisocyanide and-ithinoacetaldehyde then affords HEI,

with the loss of a proton to ammonia.
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Figure86: The possible mechanism of HEI formafioif® 1%,

HEI appars to be the major product of MEA degradation in solutions containing
400 mM MEA, 0.18 mM Cu(ll) and 0.979 MOHat pH 10 & 20 °C. Although no
other products are detected by GC or-GIS, this does not rule out the possibility

of the formation of multipé products of MEA degradation.

Using GC, the extent of MEA degradation during this reaction could be estimated.
The degree of degradation is shown Figure87. During the first 30 minutes of
reaction the rate of MEA oxidation is relatively high, due to the high concentration
of hydrogen peroxide, which decomposes quickly to give hydroxyl radicals. At this
point, degradation levels off, possibly duettwe falling concentration of hydrogen
peroxide. The chromatogram also shows that the rate of HEI production increases
at roughly 30 minutes. This suggests that it is possible that the remaining hydrogen
peroxide is consumed during the oxidation of intemreges to form HEI, rather
than oxidising more MEA. This could account for the levelling off of MEA

degradation at this point.
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Interestingly, Figure 82 also shows that the absorbance due to the suspected
product of MEA degradation increases rapidly at 30 minutes, suggesting this
absorbance might be due to HEI. Although it appears that ME%asmed after 30
minutes, it is likely that this effect is due to experimental error. Overall, it can be
seen that approximately 25% of MEA is oxidised over the course of the reaction (a
similar level of degradation to that observed in the HEDP systém}. leaves a
substantial amount of MEA present in solution. As a result, a significant pH drop is
not evident during this reaction. The decomposition of hydrogen peroxide is

therefore unlikely to be affected by the degradation of MEA.
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Figure87: The rate of degradation of MEA in a solution containing 400 mM MEA,
0.18 mM Cu(ll) and 0.979 M® at pH 10 & 20 °C

The exact conditions of the reaction will play some rolethe extent of MEA
degradation that occurs and in the products that form as a result. Thus different
model bleaching systems may result in the formation of different products of MEA

degradation, as has been observed by this work.
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The formation of HEI @hformic acid in these model bleaching systems implies that
radical mediated oxidation of MEA may occur, resulting in cadmnired radicals.
Such radical species are longer lived than the hydroxyl radical and may contribute to
increased amounts of hairibire damage when they are produced in bleaching

formulations, as observed in a previous stiitly

In summary, differences in hydrogen peroxide decomposition were identified for
aqueous ligandree compositions and HEDP mod#eaching compositions. The
major reason for these differences has been determined to be the presence of
different metal complexes in solution when the base is varied. In the lifyzed
composition, this was due to the chelation of the different basetheometal atom
centre, whilst for the HEDP system it was because of a pH drop, as a result of the
degradation of MEA and HEDP.

For formulations that contain ligands such as EDTA or EDDS, which are commonly
used in bleaching formulations, no major differesdn chemistry were found when

the base was altered. This indicates that the main reason for the observed decrease
in hair bleaching when MEA formulations are used is likely to be due to be the result
of a physical factor, such as diffusion of hydrogerogile into the hair cortex. In

order to confirm this, the rate of soluble melanin bleaching was directly studied in
MEA solutions and the results compared with those arising from the use of

solutions containing ammonia.

3.3.7 The effect of MEA on soluble melanin bleaching

Homogeneous melanin bleaching systems, contairfsepia MFA, were studied
using UWis spectroscopy, in order to confirm that no chemical reasons exist for the
differences observed in hair bleaching when MEA formulations are used. YWhen
solubilised melanin is used, differing rates of melanin solubilisation will not affect
the rate of melanin bleaching when the base is changed. By avoiding the use of hair,

the rate of melanin oxidation will not be affected by varying diffusion ratés o
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oxidants into hair fibres, when the base is changedrherefore, any differences in
bleaching that may be observeletween solutions containing MEA and those
containing ammonia can be attributed to changes in chemistry. However, based on
the extent of peroxide decomposition that was observed in the model systems
(Pagel10), HEDP and ligaricee systems are the only cases where a variation of

melanin bleaching may be expected.

Using the method discussed in chapter 2,-W®/ spectroscopy was employed to
monitor the decrease in the bro&@nd absorbance due to the presence of melanin
during bleaching reactions. In this way, the rates of melanin bleaching in MEA
systems was observed and the results compared to data that were collected for the

equivalent NHsystems, chapter 2.

Bleaching saitions containing 20 mM MEA, (1.3 mM ligand), 0.18 mM Cu(ll) and
0.979 M HO,, at pH 10 & 20 °C were prepared. The decrease in absorbance at 532
nm indicates the rate of bleaching over the course of 2 hours at 20 °C, shown in

Figure88.
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Figure88: Graph to show the rate of melanin bleaching in the following systems: 20
mM MEA or 20 mM ammonigl.3 mM ligand), 0.18 mM Cu(ll), 0.979 MO-and
0.06 mg mL* SepiaMFA at pH 10 & 20 °C.

The rates of melanin bleaching in these Miased formulations are comparable
with those of the N compositions, which contained equivalent concentrations of
reagents, shown inFigure46. As with the ammonidased formulations, a relatively

high rate of bleaching is observed in the HEDP and in the liyaadysems (Group

2) compared with the systems that contain strong ligands (Group 1) (See chapter 2).
As expected, there is some disparity between group 2 formulations when the base
is changed, due to the different rates of hydrogen peroxide decomposition iPHED
and ligandfree systems, when MEA is used. There is also no increase in absorbance
after 20 minutes, in the MEA system containing HEDP. The copper nanoparticle

formation, observed in the ammonia system, does not occur when MEA is used.

The EDTA, EDDS dn@PMFcontaining formulations show relatively low levels of
bleaching due to the lower concentration of hydroxyl radical that become available.

This is explained in more detail in chapter 2. The reality that the rates of melanin
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oxidation are the same ithese homogeneous bleaching solutions, regardless of the
base used, confirms that the differences observed in hair bleaching formulations

are due to physical factors.

It is possible in heterogeneous bleaching systems that the base plays a role in
disrupting hydrogen bonding within the melanin, assisting the solubilisation of
melanin and allowing faster bleaching. Additionally, the base could assist with the
diffusion of oxidants into the hair fibre, by changing the extent to which hair fibres
swell. By chaging the base, these processes could be affected and the extent of
melanin bleaching that occurs could vary. A quick visual assessment of the level of
bleaching in heterogeneous melanin bleaching systems could be used in attempts

to identify whether or notthe base affects the rate of this process.

Figure 89 shows two bleaching solutions containing 400 mM base, 2.5 m§ mL
Sepiamelanin from cuttlefish ink & 1.63 M,B,, at pH 10 & 20 °C before and after

12 hours of continuous mixing. Sample (a) containeds; MHilst sample (b)
contained MEA. The difference in colour after 12 hours is represented by samples
(c) & (d), for the ammuia and the MEA systems respectively. There appears to be
no visual difference between the samples, indicating that the base does not affect

the extent to which heterogeneous melanin is bleached.
(a

@ o
i

Figure89: Heterogeneous melanin bleaching for systems containing 400 mM base,
2.5 mg mL* Sepiamelanin & 1.63 M bD, at pH 10 & 20 °C. (a) ammonia, 0 h, (b)
MEA, 0 h, (c) ammonia, 12 h & (d) MEA, 12 h.
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This observation suggests that on changing the basg,differences observed in
melanin bleaching are more likely to be due to a change in diffusion rates of
oxidants into hair fibres. This probably occurs because hair fibres are swollen to
varying extents when the base is switched. However, as hair fibedisgvwas not
studied directly, there is a considerable possibility that other unforeseen physical

factors may result in differing extents of melanin bleaching.

The results obtained from studying homogeneous model solutions show that there
are no chemicateasons for the disparity observed in melanin bleaching systems,

when MEA is used as a replacement for ammonia. In order to confirm that the

results are applicable to real bleaching systems containing hair, hydrogen peroxide
decomposition was studied foheterogeneous bleaching systems that contain

pulverised hair fibres.

3.3.8 Hydrogen peroxide decomposition in solutions containing

pulverised hair fibres

Hydrogen peroxide decomposition in the presence of pulverised hair fibres was
studied, in order to confirm that chemical factors are not responsible for the
differences observed in bleaching formulations, when the base is alt&gdising
pulverised hairfibres in bleaching solutionst was thought that varyingliffusion
rates of hydrogen peroxide into hair fibres would not affdbe rate of its
decomposition to the same extent as they would for whole hair fibres. Howewver,
more realistic bleaching environment is providdd is evident from SEM images
(not included) that cortex fibres become exposed during the process of hair
pulverisation®. Therefore, endogenous metal ions such as copper ions and iron
ions, as well as a variety of keradus proteins and melanin become accessible to
the bulk bleaching solution. These bleaching systems therefore mimic the
environment found within the hair cortex. It was of interest to see the effect of
changing the base on the rate of peroxide decomposifi@nthese compositions

that were more realistic than the agueous model formulations. It was thought that
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the keratinous proteins or melanin inside the hair cortex may bind metals in some

of these solutions, which may affect the chemistry of bleaching.

Initially, solutions containing 400 mM base, 1.3 mM EDTA, 2.5 nigpuilizerised

hair and 0.979 M kD, at pH 10 & 20 °C (where the base is either MEA of),NH
were compared to observe the effect of changing the base on peroxide
decomposition. It was seen thategligible hydrogen peroxide decomposition
occurred in both systems over the course of 120 minutes. This is consistent with the
agueous model systems, which also show low levels of peroxide decomposition,
indicating that melanin and proteins do not competgignificantly for metals in the
presence of strong chelating ligands. These results confirm that peroxide
decomposition is not affected in bleaching formulations containing strong ligands,
such as EDTA, when the base is altered. This shows that pligisicas remain the

most likely causes of differences in melanin bleaching.

Decomposition of the peroxide species by pulverised hair fibres was also studied for
ligandfree systems. There is a circumstantial theory that ligands cannot diffuse into
hair fibres. As such it is possible that an environment similar to the lideeed
model system could exist inside the hair fibre. Therefore, it would be of interest to
establish the effect of changing the base on hydrogen peroxide decomposition for

such a system.

Oxygen evolution was monitored for solutions containing 400 mM base, 2.5 g mL
of pulverised hair fibres and 0.979 M® at pH 10 & 20 °C. Pulverised hair was
used that contained natural levels of copper ions (13.0 ppm), as well as hair that
was dosedwvith extra copper ions (218.1 ppm), in order to observe the effect of the
copper concentration on the decomposition of peroxide species. Comparisons of
the rates of decomposition in systems, where MEA and \Métfe used as the base,

are shown irFigure90.
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70

Hydrogen peroxide decomposition/ %

Time / minutes

—<—218.1 ppm Cu(ll) in ammonia —e—218.1 ppm Cu(ll) in MEA
—0—13.0 ppm Cu(ll) in MEA —x—13.0 ppm Cu(ll) in ammonia

Figure90: The effect of changing the base on hydrogen peroxide decomposition for
systems containing 400 mM base, 2.5 mygrpulverised hair and 0.979 M,& at
pH 10 & 20 °C.

For pulverised hair that was not dosed with additional copper ions, it can be seen
that there is almost 10% more oxygen evolution in the MiBa8ed system when
compared with the correspondingmmoniabased system. This does not represent
the results for homogeneous model solutions, which demonstrate much greater
peroxide decomposition for the ammonkzased systems. Due to the presence of
keratinous proteins and melanin, which can bind metalsian the absence of
chelating ligands, it is difficult to stipulate exactly what causes the change in
reactivity. It could be due to proteins within the hair binding some of the metal
ions, whilst others remain bound to the base itself. This would leadatging types

and quantities of basenetal complexes in solution and could account for the

differences that were observed.

When copper ion dosed pulverised hair was used, solutions that contain ammonia

exhibited a greater rate of hydrogen peroxide decomipos. This is a similar
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pattern to that with the homogeneous model systeniSgure62) and to that with

the whole hairbased compositions. Despitedlgreater copper ion concentration in

the pulverised hair, the extent of decomposition is much less. It is also less than the
amounts observed for the whole hair bleaching systeRigure60). This indicates

that species in pulverised hair binds the copper ions and inhibits peroxide
decomposition as a result. As discussed in chapter 2, melanin can bind metal ions.
The resulting complexes affect hydrogparoxide decomposition in varying ways,
dependent on the type, concentration and oxidation state of the metal ion that is
bound®® **®, However, it appears fromRigure43 that melanincopper complexes do

not inhibit the breakdown of hydrogen peroxide. They may actually accelehate t
process. Keratin proteins are also potential chelants of these metals, and are more
abundant in hair fibres than is melanin. Wool keratietal complexes have also
been shown to slow down the breakdown of hydrogen peroXitieThis suggests
that the inhibition of peroxide decomposition by pulverised hair fibres is more likely
to be due to the sequestration of metals by keratin rather than by melanin. Due to
the complex natureof these systems it is hard to prove this, as there may be other

unforeseen factors involved.

As mentioned on pagé&05, pulverising hair fibres allows components wittiire

hair, such as keratins and melanin, to become accessible to the bleaching solution.
Ordinarily these components that make up the cortex are not immediately
accessible to the bulk formulation. However, if the user has badly damaged hair or
split ends, hen the cortex is exposed to the formulatidh Thus, it was of interest

to know the effect that these components have on hydrogen peroxide

decomposition.

In order to confirm that one or more of these exqedl components could inhibit
hydrogen peroxide decomposition in bleaching systems, pulverised fibres were
added to compositions containing whole hair, as well as model homogeneous
solutions. A lower rate of oxygen evolution in systems containing pulvehséd
would suggest that species within hair fibores could sequester redox metal ions.
Therefore, to a solution containing 400 mM NE&.5 mg mt of whole hair fibres
(13.0 ppm Cu(ll)) and 0.979 M® at pH 10 & 20 °C, was added 1.25 mg'rof.
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pulverised hair fibres (13.0 ppm Cu(ll)). The inhibition of hydrogen peroxide

decomposition by pulverised hair is evident from the results showkigare91.
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Figure91: The effect of pulverised and whole hair fibores on hydrogen peroxide
decomposition for systems containing 400 mMsN&5 mg mt hair and 0.979 M
H,O, at pH 10 & 20 °C.

It can be seen that the rate and exit of hydrogen peroxide decomposition that

was observed in whole hair bleaching systems is lowered substantially on the
addition of 1.25 mg mt pulverised hair. In fact the rate of decomposition is

identical to a system containing only 2.5 mg htulverised hair. This perhaps

shows that the metal binding agent in the hair is present in excess, resulting in the
formation of similar amounts of metalomplex regardless of the amount of

Lddzft S NA &SR KIFANJ dZASR Ay (KS& SprofeksedSthsh YSy i
possible that if hair becomes damaged during treatment, the cortex can become
exposed to the bleaching formulation. Thus, further hydrogen peroxide

decomposition would be prevented, in a similar manner to the inhibition by
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pulverised hair Isown in Figure91. In this way the hair would effectively prevent

further damage to itself. However, this factor is outweighed by the fact that
effective commercial formulations contain ligands that bind to any metal ions in the
first instance, preventing hydrogen peroxide decomposition and thus hair fibre

damage.

Furthermore, the inhibition of peroxide decomposition by pulverised hair is evident
from the data inFigure92. The addition of 2.5 mg rilpulverised hair (13.0 ppm
Cu(Il) to a solution containing 400 mM N\B.02 mM Cu(ll) and 0.9M HO; at pH

10 & 20 °C results in a much lower rate of peroxide decomposition when compared
with the equivalent system without the addition of any hair. A lower concentration
of copper ions had to be used for this set of experiments, as the rate oijakero
decomposition is too fast in these ligaffitte systems to obtain reliable results

when a 0.18 mM copper ions solution was used.
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Figure92: The effect of pulverised hair on the decomposition of hydrogen peroxide
for systemsontaining 400 mM N (n) mM Cu(ll), 0.979 Mx&; and (2.5 mg mit
pulverised hair) at pH 10 & 20 °C.
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These results show that the extent of peroxide decomposition is generally lower for
pulverised hair systems than for the equivalent homogeneocompositions and
whole hair systems. This could be due to accessible keratinous proteins
sequestering the redox active metal ions. For whole hair fibres, these proteins are
trapped within the cortex of the fibre and so do not effect decomposition to the

same extent.

For the ligandree systems, differences were observed in peroxide decomposition
when the base was changed from ammonia to MEA. This could again be due to the
binding of metal ions by keratin. However, when EDTA was used there was found to
be neligible peroxide decomposition, regardless of the base that was used. As
most commercial hair bleaching formulations contain ligands such as EDTA, the
latter experiment seems to confirm that any major differences in hair damage or
melanin bleaching are rocaused by changes in chemistry, for the conditions
studied. However, as discussed in chapter 1, a wide range of conditions are used for
different hair treatments. The temperature of colouring processes and the
concentrations of the reagents are all vdoi@ This could result in situations where

the chemistry changes.
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3.4 Conclusions

The aim of the research that is represented in this chapter was to establish reasons
for the observed differences in hair bleaching systems, when MEA was used as a
base informulations as a replacement for ammonia. This was investigated primarily
by measuring the extent of hydrogen peroxide decomposition and of hydroxyl
radical production during the bleaching of whole and pulverised hair fibres, as well

as for aqueous modelystems.

During the bleaching of whole hair fibres, the peroxide decomposition was found to
be greater in MEA systems, if the hair contained natural amounts of copper ions.
However, when the hair fibres are treated with extra copper ions, it is in the
ammaiabased formulations that more hydrogen peroxide decomposition occurs.
This led to the investigation of model aqueous compositions to help in explaining

why this was the case.

Hydrogen peroxide decomposition and hydroxyl radical production were moritore
for various controlled homogeneous model bleaching solutions. Differences were
observed for the ligandree compositions and for the HEDP formulations. This was
mainly due to the presence of different metal complexes in solution when the base
was changedFor the 20 mM MEA system, which contained HEDP, a pH drop was
responsible for the presence of different types of metal complex. This pH drop
resulted from both HEDP degradation to form phosphate ions and MEA degradation
to form acidic products. There wasme evidence to suggest that formic acid is one
of the major acids that is produced as a result of MEA degradation under these

conditions.

MEA degradation was also observed when the conditions were changed to those of
400 mM MEA, liganffee compositions The main product of degradation in this
case was thought to be HEI. However, the conditions of the reaction probably play a
role in the final product(s) of MEA degradation, as it has been seen that the MEA :
oxygen ratio determines which products of dedation fornt®®. Therefore, if

solutions contain chelating ligands, which inhibit the decomposition of hydrogen
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peroxide, the formation of different products is possible. Different colouring
formulations contain different concentrations of base, depending on their intended
use. This will ats affect the MEA : oxygen ratio and thus the types of degradation
product that are observed. Different degradation products may also form
depending on the temperature of the treatment. During this study the temperature
was kept constant at 20 °C. However,the salon where higher temperatures are
used, the products of MEA degradation may vary. It is also worth noting that during
the investigations in this thesis, compositions were stirred constantly during
reactions. This is not a representation of therl@ilouring process, where solutions
cannot be mixed thoroughly on the scalp. This fact, coupled with the diffusion of
hydrogen peroxide into hair fibres, will result in varying concentrations of hydrogen
peroxide throughout the hair fibre. Thus, theretle potential for a wide variety of

MEA degradation products to form during salon treatments.

Formic acid has been shown to cause foaming irsa@rged solutions containing
amines® Therefore, the degradation of MEA to produce formic acid may explain
why foaming is observed in formulations that contain MEA. Foam is defined as a
liquid phase that has a gas dispersed throughout it. Foaming is a physical factor
dependent on the surfee tension of the liquiskapour interface. Therefore, the
extent of foaming that occurs is dependent on the temperature of compositions
and the concentration of MEA in the formulation. Afgaming agents, such as
silicone polymers, can be used in formides where excessive foaming is

observed®

The suggested mechanism of MEA degradation, to form formic acid and HEI,
involves the formation of carbon centred radicals, which would react with the

proteins in hair fibres and lead to damage in MEA systems.

Despite the diffeences observed in ligaddee formulations and HEDP
compositions, when the base was changed, peroxide decomposition did not vary
when ligands such as EDTA or EDDS were used. The model formulations that
contained these ligands are more representative of oawencial bleaching

formulations, as the concentrations of the base, ligand, metal ions and hydrogen
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peroxide were chosen to mimic the conditions used to colour hair. As the
temperature studied was 20 °C these compositions would be more comparable to
home u® colouring kits than salon treatments, where higher temperatures are
often used to accelerate the colouring process. It should also be noted that the
mixing of these model compositions was much more thorough than can be achieved
by formulations that are pplied to the scalp. Nevertheless, it can be inferred from
the data in this chapter that differences observed in melanin bleaching, when the
base is changed in commercial formulations, are unlikely to be due to any chemical
factors that result in a chang® the extent of hydrogen peroxide decompaosition
that occurs. Alternative causes for these differences that could be investigated are
physical phenomena, such as changes to the extent of hair swelling and melanin

solubilisation.

Homogeneous melanin bleacly formulations were studied and similar levels of
bleaching were observed regardless of the base used. This confirmed the
observations drawn from the majority of aqueous model systems, where peroxide
decomposition is unchanged on altering the base. Stéalion of heterogeneous
melanin is usually a prerequisite for bleaching to occur at a higher rate. Replacing
ammonia with MEA does not appear to affect this process, based on the visual
appearance of heterogeneous melanin bleaching formulations (althowongine
quantitative data is needed to confirm this). This suggests that varying rates of
hydrogen peroxide diffusion into hair fibres are the main cause of differing
bleaching extents when MEA is used in formulations. Access is likely to be affected
by charmges to the extent of hair fibre swelling, when the base is altered. This would
lead to varying concentrations of hydrogen peroxide present in the cortex. Thus, the
rate or extent of bleaching that occurs over comparable time periods would be

affected.

A smilar trend to the whole hair systems was evident when the effect of pulverised
hair on hydrogen peroxide decomposition was studied for lighiad systems.
When hair contains copper atom amounts that are equivalent to the levels typically
found in Asian auntries, such as Japan (13.0 ppm sampf&s)kolutions that

contain MEA exhibit more peroxide decomposition than ammonia systems.
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However, when the copper atom amount is increased to levels that are more
representative of the Americas (218.1 ppfi) it is the ammonidased
compositions that result in more peroxide decompmsi. This could be due to the
formation of more coppeammonia complexes at greater copper ion
concentrations. These coppammonia complexes have been shown to be more
effective at decomposing hydrogen peroxide than MEA complexes. Pulverised hairs
have keen shown to decrease the rate of peroxide decomposition, when compared
with whole hair fibores or homogenous systems. When hair is pulverised, melanin
and a variety of keratinous proteins become accessible to metal ions in the
bleaching solutions, which na potentially bind redox metals. The possible
formation of keratinmetal complexes could explain the observed behaviour, as it
can be seen from the literature that these complexes can inhibit hydrogen peroxide
decompositiori®’. These whole hair compositions and pulverised hair compositions
are similar to commercial formulations in terms of the concentrations of base,
metal ions and hydrogen peroxide used. However, differencéydnogen peroxide
decomposition were only evident for ligaficke formulations when the base was
changed. Therefore, the differences that were observed above will not necessarily

be observed in commercial formulations.

The extent to which metal atoms birid keratin is controlled by various factors and
can be determined approximately. However any remaining metal ions that are not
bound to keratin or melanin are free to form complexes with the base. The
convoluted nature of metal atom binding in hair fibresuld explain the differences
observed in peroxide decomposition when the base is varied. However, for
pulverised hair bleaching formulations that contain EDTA, negligible peroxide
decomposition was observed in both MibAsed formulations and NHbased
formulations. This again suggests that the differences in melanin bleaching,
observed when MEA formulations are used, are initially due to physical factors,
such as lower rates of oxidant diffusion into hair fibres, as a result of less hair fibre
swelling. Tks change in diffusion would result in varying concentrations of
hydrogen peroxide in the hair cortex, leading to a chemical reason for the change in

the extent of bleaching that is observed.
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Chapter 4 z The Mechanism of Hair Dye Primary Oxidation in

Hair Fibres

4.1 Introduction

4.1.1 The mechanism of hair dye formation

The formation of dimeric and trimeric indamine dyes or indophenol dyes is the main
reaction associated with the production of permanent hair dyes on human hair. It is
known that the formation of such dyes is initially triggered by the oxidation of
aromatic amines, such asp-phenylenediamine, to form reactive imine

intermediates in the rateletermining step, as shown Figure93®* 19 1%

NH; NH NH
[O]

NH, | NH NH

PPD Qbl api?

Figure93: Oxidation of the aromatic amine PPD to QDI

This oxidation can occur in the presence of either redox active metal ions or redox

198 as well as ©that comes into contact with such

active organic compound¥’
aromatic amine§¥®. The imine generated may then be subject to protonation
although, as the conjugate acid (QDhas a pkof 5.75, the proportion present at
the alkaline pH required for hair colouring is in the mindrityhis step is followed
by rapidcoupling to specific metasubstituted aromatics, such asaBninophenol or

4-amino-2-hydroxytoluene. Further oxidation to generate indophenol or indamine
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dye molecules that are responsible for the colour may then occur, as shown in the

mechanism irFigure94® 1%

G’OH AHT
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Where [0] is HOO', HO', O,, or redox metals

Figure94: Mechanism to show the coupling of AWTQDI to form indamine dye

molecules

4.1.2 The chemistry behind the formation of dyes during hair colouring

For the application of permanent hair dyes, the oxidation of precursors in the
dyeing solution is initially a problem due to large quantitiesraftal ions such as
Cu(ll) and Fe(lll) that are present in water used to wasif'h&t The metal ions

bind to the surface of the hair and can catalyse the fororatf hair dyes, outside

the fibre. This is undesirable for the use as permanent hair dyes, as dyes that form
outside hair fibres are easily washed out and the chosen colour will not be retained.
In order to prevent the premature oxidation of precursoigahds such as EDTA can

be used®. This effectively alters the redox potential of the metal atom centre and
prevents metalcatalysed hydrogen peroxide decomposition and the initial
oxidation of the aromatic amine from occurring before it has diffused into the hair

fibre?°L,
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One theory is that the charge density on ligands such as EDTA is too high for them
to diffuse into the hairfibres, while the dye precursors themselves are able to
diffuse into the cortex of the fibreFigure2). It is here where the precursors can be
oxidised by endogeneous metal i6h<% or potentially by redox active organic
moleculeswithin the hair fibre, to form permanent dye molecules inside the hair

that cannot be washed or rinsed out in normal washing procedures.

Multiple literature citdions suggest that it is the alkaline hydrogen peroxide that is
responsible for the oxidation of dye precursors within the hair flbfé> 2%
Alternatively, Corbett suggests that molecular oxygen, formed during the
decomposition of hydrogen peroxide within the hair fibre, could be responéile
precursor oxidatiori °°. However, it remains unclear what exactly is responsible for
dye formation inside hair. Whilst working with aqueous dye formulations, it became

apparent that the enzyme catalase might have a role to play in dye formation.
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4.2 The effect of catalase on dye reagent coupling in agueous

systems to form dyes

Chapter 5 of this thesis describes the quantification of dye molecules formed in
aqueous solutions by HPLC. To achieve this, samples were taken at time points
during dye formationAs the HPLC analysis takes a substantial amount of time, it
was thought to be desirable to prevent further dye formation or degradation once
these samples have been taken. Catalases waed consistently throughout this
project in order to decompose remaing hydrogen peroxide at the end point of
Fenton and Fentotike reactions. By decomposing the hydrogen peroxide it was
thought that the main oxidant responsible for subsequent dye formation could be
removed and the reaction may stop. This would enable goantification of dye

molecules at multiple time points throughout the reactf6h?®

Surprisingly,tiwas discovered othe addition of0.1 mL of bovine livecatalase(20

¢ 50 mg mLY) (see chapter 7) to an aqueous system containing 400 my) NA
mM EDDS, 0.18 mM Cu(ll), 70 mMOK 1 mM PAP and 1 mM AHT at pH 10 and 20
°C,that dye coupling was significantly accelerated. This is eviftem Figure95,

for which PARAHT coupling was monitored at 550 nm by-W¥ spectroscopy.
Upon addition of catalase at a reaction time of 30 mirgjta sharp increase in

absorbance, due to increased dye formation, is apparent.

The base, EDDS and Cu(ll) concentrations that were used throughout the study
provided a comparable system to commercial formulations, for observing dye
formation. However, theoncentration of hydrogen peroxide and dye precursors is
substantially lower as this provided a composition where the rate of reaction was
not too fast to follow. Dyes were also not subject to an excessive amount of
degradation by reactive oxygen speciexglar these conditions. The reactions were
controlled at a temperature of 20 °C, which is lower than the temperature used in
dyeing procedures, due to the heat of the scalp. Therefore, the rates of dye
formation were expected to be lower than for commerdatmulations. However,

the rates of formation could be accurately compared when the base was changed.
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Figure95: Graph to show the increase in dye coupling on addition of 0.1 mL catalase
to the following composition: 400 mM NHL.3 mM EDDS, 0.18 mM Cu(ll), 70 mM
HO,, 1 mM PAP and 1 mM AHT at pH 10 and 20 °C.

When catalase waaddedto the aqueous dye batht 30 minutes, the absorbance
due to the dye produced increased almosistantaneously due to increased

oxidative dye coupling.

Catalase, which is also present in hair foll@tesis known for catalysing the
oxidation of aromatic amines and phenols to the reactive intermediates, required
for the formation of dye moleculé®. The active sites of catalase consist of four
porphyrin heme groupsHigure96). Experimental evidence has shown that these
iron atom centres are responsible for the oxidation of aromatics. Even when the
enzyme is denatured, the oxidative activity of these centres on substrates
remains®. This could be the reason for increased dye formation in the model
formulations whencatalase was added. However, this needed verifying (see page
164).
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Figure 96: (Above left) the structure of human erythrocyte catalase (The four

porphyrin heme groups are shown in blue). (Above right) the structure of each heme

group® %7,

Catalase is thought to be present in the hair follicles to decompose any hydrogen
peroxide that accumulates, via a noadical pathway. This prevents freadical

mediated damage of melanocytes, which are responsible for producing the melanin
that is found in hair fibres. It is thought that the presence of catalase in hair follicles

could therefore be responsible for the prevention of hair greying.
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4.3 Aims

Rapid dye precursor oxidation was observed directly in several aqueous dye
systems containing catalase. This led to the investigation of what causes dye

formation within hair fibres.

In order to probe the main species that is responsible for the oxidative dy
formation in hair fibres, several areas were investigated. Firstly, the dye production
in agueous solutions was monitored in the presence of both pulverised hair and
whole hair fibres. By using pulverised hair, diffusion of hair dye precursors into the
hair fibre is no longer a factor. As a result, components within the hair fibre are
more immediately accessible to the agueous dye bath. The effect of oxidants on dye
formation, within hair fibres, can thus be directly compared to the effect of oxidants

that are accessible on the surface of whole hair fibres.

There are many possible potential oxidants of dyes within hair fibres, including
redox active organic molecules, such as mefdfiinand redox metals. It was
thought that the extent to which metals contribute to dye formation in hair fibres
could be investigated. This could be done bynparing any differences in the rate

of dye coupling for systems that contained demetallated hair and untreated hair. By
treating pulverised hair with excess EDTA, the majority of endogenous metals
should be removed. The effect that demetallated hair fibnese on dye coupling in

agueous solutions could then be investigated.

Finally, it was thought that if metal ions were found to be responsible, even if only
in part, for dye formation in the hair, the effect of specific metal ions on primary
oxidation coud be investigated. It is known that Cu(ll) and Fe(lll) are the more
abundant redox metal ions within the hair fibre. If pulverised hair samples were to
be dosed with either of these metal ions, then the effects they have on dye coupling

in aqueous systemsould be compared.
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4.4 Results & Discussion

4.4.1 The mechanism of dye formation by catalase

Several dyeing experiments were performed to establish why the addition of bovine
liver catalase to agueous dye baths causes such a dramatic increasecougyieg.

The general conditions used were 400 mM base, 1.3 mM EDDS, 0.18 mM Cu(ll), 70
mM HO,, 1 mM primary and 1 mM coupler, at pH 10 and 20 °C. The formation of
dye was monitored using UWs spectroscopy, at a wavelength of 550 nm. 0.1 mL of
bovine liver catalase (2@ 50 mg ml}) was then added at a reaction time of 30
minutes. The increase in dye formation in each of the compositions can be observed

in Figure97.

Each time, the base, coupler or primary was varied, whilst keeping their
concentrations constaniThe effects of altering these are shownFigure97. It was
hoped that this approach would yield further information concerning the cause of

rapid dye formation in the presence of catalase.
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Absorbance / AU
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Time / minutes

«%-PAP +AHT ~ —<—PAP + AHT (MEA) —o—PAP+MAP  —»—PPD +AHT

Figure97: Graph to show the increase in dye reagent couplingduition of 0.1 mL
catalase to the following system: 400 mM base, 1.3 mM EDDS, 0.18 mM Cu(ll), 70

mM HO,, 1 mM primary and 1 mM coupler at pH 10 & 20 °C

Change of bse

By changing the base from hltb MEA, therewas no significantchange in the

kineticsof dye coupling, Bowing that the same chemistrgccurred regardless of

which of thesébasesis used.

Change of @upler

When the coupler wa changed from AHT to MA#e kinetics of dye coupling we

not alteredsignificantly. Tis shows that the initiabxidation of primary is probably

the step that is affected by the presence of catalase.
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Change of pmary

On changinghe primary from PAP to PPDe kineticsof dye formation appeared to

change substantially

Initially, n the first 30 minutes ofthe reaction before catalase addition, dye
formationis much slower than the equivalent PAP systéims may bdecause the
oxidation of PPD to QDI is much slowean in the oxidation of PAP to quinone
monoimine* 2%® 2% However, it is worth noting that the molar absorbance
coefficients of the dyes that are formed Wile different when the primaries are
changed. This will affect the intensity of the colour formed when different dye

systems are studied.

Catalase addition does not appear to affect the rate of dye coupling in the PPD
system as much as the PAP systérhs has also been observed by Job and
Dunforc?*° who report that, for conpounds with the same substituents, the rate of
aromatic amine oxidation by peroxidase is lower than it is with phenol oxidation.
The peroxidase activity by catalase was confirmed by removal of hydrogen peroxide
from the dye bath. The effect of catalase qmimary oxidation under these

conditions is shown ifigure98.
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Figure98: Graph to show the effect of 0.1 mL catalasetmn coupling of PARHT,
with and without the hydrogen peroxide in the following system: 400 mM| N3
mM EDDS, 0.18 mM Cu(ll), 0.07 D511 mM PAP and 1 mM AHT at pH 10 & 20 °C.

On addition of catalase to a system containing n@41catalase causes greater
rate of oxidative dye coupling compared to the system, which contai®s &hd no
catalase. Presumably, this means that the heme centres in the catalase may

contribute in some manner to oxidation of the primary.

Furthermore, it is apparent that vén HO, is introduced to the system containing
catalase, the rate of oxidation of PAP is much greater than for the system containing
no HO,, indicating a reliance on the hydrogen peroxide. This suggests the
mechanism of peroxidase activity by catalaseassistent with the work of Job and
Dunford®

[1] E+ O A El
2] El + AHA Ell + AH
[B8]Ell + AHA E + AH
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Here, E is the enzyme;land ElI are different enzymatic intermediates, A4 the

aromatic substrate and AHbs the aromatic radical.

Keilin and Hartree also report this peroxidase activity by catatasé is therefore
evident that this could be the dominant mechanism by which catalase oxidises

primary intermediates.

The change in kinetics on changing the dye primary suggests that catalase is
responsible for dye primary oxidation. The ratetermining step of the oxidative
coupling is thus accelerated significantly and the rate of dye formation increases, as

assessed by\Wvis spectroscopy.

Having confirmed that catalase accelerates dye formation in aqueous solutions, it
was decided to investigate whether or not a similar process could occur inside hair
fibres, due to the presence of catalase. It is known that human lealyses the
formation of hair dyes via the oxidation of precursors, sucph-phenylenediamine,
within the fibre, but it is not known exactly what is responsible for this dye
formation. With this in mind, an investigation of several aspects of fdy@mation

inside hair fibres was undertaken.

4.4.2 Comparison of whole hair and pulverised hair

Since it was hypothesised that catalase might be responsible for the oxidation of the
primary component in the hair, a decision was taken to first observestfext that
pulverised hair would have on dye formation. By using pulverised hair, potential
oxidants, which are present inside the hair fibre, are more immediately accessible
to the oxidisation of dye precursors. Their effect on dye formation can be
monitored and compared to oxidants that are present on the surface of whole hair

fibres.

An aqueous dye bath containing 400 mM JNH.3 mM EDDS, 0.18 mM Cu(ll), 70

mM HO,, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C was set up and the reaction

was monitored by UWis spectroscopy at 550 nm. At a reaction time of 25 minutes,
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either pulverised or whole hair fibres were added to the dye bath for 1 minute. The
solution was then centrifuged and the kinetics of dye formation in the supernatant

solution was further studid by UWis. The results are shown kiigure99.

3.5

| M%%H%H’H%
¥

0.5

Time / minutes

—x—10 mg of whole hair added at 25 minutes ¢ 10 mg of pulverised hair added at 25 minutes

Figure99: Graph to show the effect of adding pulverised hair or winalie to an
aqueous system containing 400 mM §\H.3 mM EDDS, 0.18 mM Cu(ll), 70 mM
H,O;, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C.

It is evident that the addition of pulverised hair to dye systems increases the rate of
dye formation substantially, when cgrared to behaviour involving whole hair
fibres. This may be due to the increased rate of primary oxidation, by an oxidant
within the hair. Furthermore, pulverised hair is shown to be capable of accelerating
dye formation in an aqueous dye bath that contithe ligand EDDS. This shows
that the oxidant is potentially a strongly bound metal ion within the hair, or a redox

active organic molecule, such as melanin.
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More evidence was needed in attempts to confirm the identity of the oxidant
responsible for thisincreased coupling. It was therefore decided to determine
whether or not the oxidation of dyes within the hair fibre is due to metal atom

centres or alternative oxidants, such as redox active organic molecules.

4.4.3 Dye precursor oxidation within hair f  ibres

Currently it is not clear what is responsible for the increased dye formation inside
hair fibres. Bandrowski and Erdmann first observed oxidation of PPD in alkaline

$'%2 23 |t js also known that dye precursors in aqueous solution are

solution
oxidised by molecular oxyg&tt ?*%. The majority of the existing literature on dye
formation in hair refers to both hydrogen peroxide and a base, such as ammonia, as

being the cause of primary oxidation inside hair fiPe§>2%,

However, these reasons would not explain why there is a large change in the
kinetics of dye formation in aqueous systems on the addition of pulveriséd ha
fibres, as shown ifrigure99. These data imply that an oxidant inside the fibre is
likely to be responsible for the change in the kinetics. Realdive organic
molecules or a species with a metal atom centre are the more likely oxidation

sources, as discussed below.

Melanin

It is possible that melanin, found within the cortex of the hair fibre plays a role in
the oxidation of dye precursors, suchs PPD. Melanin can exhibit redox
behaviout®” *°® due to the reversible oxidation of dihydroxyindole units to the
correspondingo-quninone (Figure 31). The conversion of these units is directly

affected by the presence of metal cations, such as Fe(lll).

en redox active metal ions bind to mela » 167, eir redox
Wh d t tal bind t |55, 156 164 167, 216 217 4 q

potential is altered and the decomposition of hydrogen peroxide is affected as a
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result. However, this event is highly dependent on the concentration and type of
metal cation. Additionally, ifron atoms are bound to melanin, the oxidation state

of the metal centre becomes an important factor, as discussed in chapter 2.

Different types of melanin have also been shown to exhibit different behaviour with
regards to redox chemistry. For instance,epmelanin has proven to be a pro
oxidant, capable of oxidising the very precursors from which it is synthéSised

whereas eumelanin has been shown to inhibit the fotima of radical oxidant&.

The effect that melanin could have on hair dye formation is complicated and
depends on metal atom concentrations and on the types of melanin that are
present in the hair fibre, which varies from one person to another. Ultimately
factors such as gegpaphy and ethnicity mean that this factor could vary

considerably across the globe.

Keratin

There are multiple types of keratin protein present in human hair that are thought
to bind to redox metal ions, primarily through their carboxylate grédhsThe
presence of metal ions and hydrageeroxide could also result in oxidation of
cysteine residues of keratin, to form sulfonic acids, which would also have an
affinity for metal ion&”® #*°. The resulting keratimetal atom complexes could be
responsibé for initial precursor oxidation. However, more likely, they effectively

sequester metal ions and inhibit dye formatiSh

Metal ioncentres

Redoxactive metal ions aralso present in hair fibres. These can potentially lead to
the oxidation of hair dye primaries. It is possible that the metal ions can either
oxidise the primary species directly or can result in the catalytic decomposition of
hydrogen peroxide to form radal species that may also be capable of oxidising the

primary specie¥.
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4.4.4 EDTA treatment of pulverised hair

Firstly, it was decided to naow down the list of potential oxidants within hair
fibres to metal atom centres. In order to try and determine the effect that metal
atoms have on the oxidation of dye primaries, it was decided to remove any metal
centres from the pulverised hair, usingsaong chelant. The effect of this treated
hair on dye formation could then provide information concerning the importance of

metal ions in catalysing dye production inside the hair fibre.

Pulverised hair was treated 3 times with 50 mM EDTA over a pefid@ hours.

The hair was then rinsed extensively with deionised water to remove any excess
EDTA.The pulverised hair was anaBd using inductively coupled plasma mass
spectrometry (ICIMS)to determinethe amount of metal ions that were removed
from the hair Approximately40% ofcopperions were removed. However, reliable

data for theamount of iron ions that remained could not be obtained.

A dye bath was set up that contained 400 mM3sNH3 mM EDDS, 0.18 mM Cu(ll),
70 mM HO,, 1 mM PAP and 1 mM AHT at pH 10 & 20 °C. At a reaction time of 30
minutes, the rinsed pulverised hair was added and the kinetics of dye formation

were monitored at 550 nm. The result is showrFigure100.
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Figurel00: Graph to show the effect of pulverised hair and EDTA rinsed pulverised
hair on the coupling of PARHT in the following system: 400 mM NH.3 mM
EDDS, 0.18 mM Cu(ll), 0.07 0K 1 mM PAP and 1 mM AHT at pH 10 & 20 °C.

It can be seen that there is some disparity between the initial rates of dye oxidation,
before the addition of hair in some reactions. This is probably due to the fact that
PAP begins to oxidise in water. It was necessary to dissolve the PAP in water before
its addition to dye baths, to ensure that the dye solutions were homogeneous. As
the time taken to dissolve PAP in water varied, it is possible that this had an effect
on the amount of PAP that oxidised before the monitoring of the reaction, byisV
spectrascopy, began. This could have caused slight differences in the initial rate of

dye formation.

Despite this, Figure 100 clearly shows that the initial ta of dye formation,
presumably due to either molecular oxygen or the alkaline hydrogen peroxide, is
not altered significantly on addition of the EDTA treated hair. After the addition of
non-treated pulverised hair to dye baths, the change in absorbances wa

approximately 1. When the EDTA rinsed hair was added this change in absorbance
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